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APPENDIX A: Rull-Scale Fatigue Test and Teardown Literature Review
The remaining Literature Reviews were moved to the Data Analysis and Inspection Capability reports at
Q8.
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LIST OF COMMON ACRONYMS
AD Airworthiness Directive
BL Butt Line (Aircraft Coordinate System)
CiC Corrosion Inhibiting Compounds
ET Eddy Current Transducer (NDT inspection)
DVI Detailed Visua Inspection
EIFS Equivdent Initid Haw Sze
EO Engineering Order (Ddtainterna document for modification ingructions)
FASTER FAA’s Full-Scale Aircraft Structurd Test Evauation and Research facility
FS Fusdage Station (Aircraft Coordinate System)
GVI Generd Visud Ingpection
HFEC High Frequency Eddy Current (NDT ingpection)
JC Job Indruction Card (Ddtainterna document for routine ingpection instructions)
LFEC Low Frequency Eddy Current (NDT inspection)
MED Multiple Element Damage
MFEC Medium Frequency Eddy Current (NDT ingpection)
MSD Multiple Ste Damage
SB Sarvice Bulletin
SDR Service Discrepancy Report
Sl Specid Ingpection (Ddtainterna document for one-time and repetitive ingpections)
SIF Stress Intendity Factor
SRM Structure Repair Manual
SS| Structurdly Significant Item
SSID Supplementary Structural Ingpection Document
WFD Widespread Fatigue Damage
WL Water Line (Aircraft Coordinate System)
WS Wing Station (Aircraft Coordinate System)
uT Ultrasonic Transducer (NDT inspection)
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EXECUTIVE Summary
Thisreport is a Detailed Work Plan of the Destructive Evauation of N474DA. The purpose of this report

isto provide adetailed overview of the project objectives and planning, including:
an in-depth literature survey
the overdl technica approaches
the repongibilities of participating organizations
the scope and objectives of each mgjor task area, with schedule, and expected results
a Gartt chart showing dl tasks and milestones.

This report isaliving document, and will be updated each quarter in cooperation with the FAA to show
updated timelines for each project task. In addition, the Detailed Work Plan will be updated to reflect any

technicd redirections recaved from the FAA.
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CHAPTER 1. INTRODUCTION

Thisreport isa Detailed Work Plan that supports Task 1 of FAA Contract DTFAQ3-02-C-00044. The
purpose of thisreport is to provide a detailed overview of the project objectives and planning, induding:

an in-depth literature survey

the overdl technica approaches

the responghilities of participating organizations

the scope and objectives of each mgjor task area, with schedule, and expected results

a Gantt chart showing dl tasks and milestones.

All work required within Task 1 of the Statement of Work has been completed up to Quarter 9 (Phase 3).
Revison H of thisreport satisfies the third of three deliverable requirements for CLIN 0003a.
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CHAPTER 2. PROGRAM BACKGROUND AND OBJECTIVES

Background
In 1999, the AAWG published “ Recommendations for Regulatory Action To Prevent Widespread Fatigue

Damage in the Commercid Flet” in response to FAA ARAC Tasking. Thereport contains the following

pertinent conclusions and recommendations:.

With respect to research programs; report concluded that “ additiond research into the residud strength
behavior of structure with MSD/MED should be conducted to supplement existing database’

With respect to andytica assessment of M SD/MED; report concluded that “the analysis procedures
used to characterize MSD/MED scenarios on airplanes needs careful correlation with test and service
evidence’

Recommended that “the FAA fund research ...,” and that “every effort should be made to make data
from tests conducted in al research programs available at the earliest possibletime...”

Recommended that “funded research...involving lead crack link-up, should be accomplished as soon as
possible to support the first round of audits due in three years’

Recommendation for further research on application of equivaent initid flaw size methodologies
Report identified 16 typical design detail susceptible to MSD/MED including fusdage longitudind skin
laps, frames and tear straps

Regulatory Guidance
Advisory Circular 91-56B, “Continuing Structura Integrity Program For Large Trangport Category
Airplanes” recommendsthat “the timein terms of flight cycles’hours to the WFD average behavior in the
fleet should be established.” This evauaion should include:
Reevant and full-scale and component fatigue test data
Teardown ingpections
The distribution of equivaent initid flaws, as determined from the andytical assessment of flaws found
during fatigue test and/or teardown ingpections regressed to zero cycles
A digtribution of fatigue damage determined from relevant fatigue testing and/or service experience
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A best estimate of undetected damage from ingpection method used at end of test or during teardown
ingpections
Progression of the crack digtributions from the initid cracking scenario to the find cracking scenario

should be devel oped...empiricaly from test or service fractographic data
And, to determine the reliability of the Structurd Modification Point...teardown ingpections that could be
done on structural components that have been removed from service

Teardown evaduations are critical lements of effective WFD Prevention Programs

Service Findingsin B727 Fusdage L ongitudinal Lap Joints

In Dec 1998, multiple Ste damage fatigue cracks were found in the lap splice inner skin, lower fastener
rows of B727 arcraft. Thefirg finding wasin the bilge dong S-26L and was found while accomplishing
adjacent repair (see Figure 1). Subsequent ingpections of the 727 fleet showed that cracking was more
common in the crown dong S-4L and S-4R. This service event was not predicted by OEM full scae
fatigue testing, Snce thejoint was atypicd in test article. Approximately 2000+ arplanes were
manufactured with non-bonded lap joints (faying surface seded).

Some observations from actua service failure investigation support additiona research needsto fully
address the following technica concerns:

Every hole was cracked; many holes were cracked from both sides

The longest cracks were in the center of the frame bay. Cracks at thislocation linked first to form a
long lead crack in the center of the frame bay

Subsequent link-ups with the MSD cracks hindered the lead crack’ s inherent tendency to flap. A
sawtooth shape shows the crack turning away from the fastener row, but then straightening once
adjacent MSD was reached

Holes were cracked in the same pattern in adjacent frame bays
Frames at S-26L are shear-tied, with no tearstraps

The crack had not flapped, and the arrest of the lead crack apparently was not permanent . Crack
growth likely would resume if the crack were not detected
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Vaiahility in crack initiation locations a hole edges affected detectability during subsequent ingpection

program.
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Figure1: B727 Lap Joint Service Finding

Conclusionsfrom the Literature Review
Full-scae fetigue testing, teardown, ingpection will provide vauable information on crack initiation,

crack growth, digtribution, linkup, fatigue life, and the effects of fatigue multiple-Ste damage/multiple
element damage on the resdud strength of fusdlage structures. Aircraft destructive eva uation research
provides the optimum way to vaidate and cdibrate different crack initiation models.

Full-scale fatigue test results can be used to establish a database on: as received full-scae fatigue testing
sample ingpection data, pre-teardown ingpection data, after-tear-down inspection data, the initiation and
growth of fatigue cracks from fractogrgphic examination of the sdected samples, fatigue MSD/MED
initiation, digtribution, linkup, and residud strength.

Based on full-scale fatigue tests, nonlinear finite dement analys's can be gpplied to predict the strain
distributions and stress in the pand, crack initiation and crack growth, and to determine the effect of
crack location and trgectory and materia nonlinearity on the resdua strength of the test panels. Note
that linear FEA may yidd erroneous results for typica airframe structure.
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NDI/E inspection can be validated and cdlibrated via aircraft teardown project. Different detailed NDI

ingpection programs can be established for aircraft teardown. Useful information about missed flaw
Sizes can be obtained from comparison with the teardown database.

Equivdent Initid Flaw Sze is the most promising gpproach to determine the crack initiation. An EIFS
database can be established based on the full-scae fatigue testing.  Eijkhout model, corroson fatigue
model, and Monte Carlo method are aso useful for crack initiation study. The published initid fatigue
crack initiation size for Al 2024-T3 ranges from 1x10° to 2.6x10° inch. The available (in the open
literature) initial crack size for Al 7075-T6 ranges from 2.4x10 to 5x10° inch.

The combination of actua service followed by component testing and destructive teardown offers the

most comprehensive understanding of WFD precursors.

Technical Shortcomings from Literature Surveys
Much of the published experimenta and anaytical research of MSD during the past decade has focused

on lap joint upper skin cracking (e.g. Aloha 737 in 1988) in classicd arrays (equa cracks). Infull scae
testing, these classcal arrays are typicaly introduced through sawcuts or EDM notches, rather than
through naturd fatigue initiation.

Accderaed full-scae fatigue tests often do not include environmenta effects that may be important
factorsin crack initiation.

Accderated full-scale fatigue tests often do not account for true service spectrum. A truncated
gpectrum eiminates a high number of low-amplitude load cycles. These low-amplitude cycles are
responsible for fretting and corroson-fatigue interactions, which are important mechanismsin fatigue
crack initiation.

Published work often does not assess combinations of MSD with accidentd damage (NDT detectable
MSD combined with damage missed by visuad maintenance programs). Little dataexigts on large
damage capability concerning the combined effects of MSD/MED and accidenta damage.

Inner skin cracking raises new technica issues concerning detectability, panel bulging, and large crack
arrest
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- MSD may not be detected with a externd visua inspection even after it has linked into along lead

crack. It can only be detected after the crack turns down from under the upper skin, typicaly at a
20" length.

- The upper skin restrains the lower skin even after the fatigue crack islong. Skin bulging along crack
is reduced, and the crack tips remain loaded by hoop pressurization stresses.

- Thetendency for pressurized skin to “flgp” during falure is an important safety dement in an aircraft
fusdlage. The dynamics of “flgpping” may be sgnificantly dtered for arestrained lower skin. Thisis
why the failure mode for MSD must be understood.

Under standing Widespread Fatigue Damage
This research program provides a unique opportunity to gpply AAWG program assumptions and € ements
for WFD prevention, while adding to our knowledge base through investigation of the following technica
iSsues.
Wheét is the extent of MSD cracking at the AAWG Structurd Modification Point (SMP)? At
operationd link-up?
How many growth cycles are there between SMP and operationa link-up? Between operationd link-
up and fallure?
What extent of MSD exigts before complex interactions among the cracks becomes significant?
What influence does the type of loading (e.g. bending, shear) have on the resulting MSD array?
What are the roles of hole qudity and fastener fit in crack initiation?
Does the presence of neighboring crack origins affect MSD crack growth?
Wheat factors can lead to crack initiation between holes?
How effective are equivdent initid flaw sSze methodologiesin predicting fatigue behavior of complex

arcraft structure?

PROPRIETARY DATA - RESTRICTED DISTRIBUTION - CONTROLLED BY TERMS OF FAA AGREEMENT



ENGINEERING DEPARTMENT

SHEET 14 [NO.  4-086482-20
TOTAL 63
ISSUEDATE 10/08/04

Areasfor Supporting Research
During the course of this program, it is expected that avenues of further investigation into the understanding
of Widespread Fatigue Damage will become evident. Those promising avenues that are beyond the scope

of this 3-year project will be recommended to the academic community as areas for supporting research.

Parametric Rivet Resdud Stress
The photomicrograph in Figure 2 shows the tilted rivet axis, degrees of cold work in the rivet materid,

axisymmetric bulging of therivet shank, drilling defects, sedant and adhesive layers, and rivet contact areas
inatypicd lap joint lower row. Supporting research could concentrate on scientificaly modeling dynamic
wave effects of the riveting as well as 3-D FEA models capturing all the other contributing effects. Itis
recommended that the Georgia Ingtitute of Technology be tasked with this research effort.

Figure2: Typicd Rivet Ingalation
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Stress Intensity Solutions for Multiple Radiating Cracks
The photomicrograph in Figure 3 shows a typicd finding from the Damage Characterization, which has

yielded fusdlage lgp joint inner skin lower row rivet holes with multiple cracks radiating in many directions.
Further research is needed to formulate stress intengty functions accurately smulating this typicaly observed
damage gtate (multiple holes in a semi-infinite plate with multiple cracks radiating in different directionsin a
biaxia stress gtate). It is recommended that Missssppi State University be tasked with this research effort.

125 Jul 20035

Figure 3: Multiple Cracks Radiating From Fastener Hole
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CHAPTER 3. PROJECT SCHEDULE
Phase 1 Deliverables
(10/01/02 - 6/30/03)
Task CLIN Title ECD
1 0001a(l) Detailed Work Plan Completed
0001a(2) Q2 Detailed Work Plan Update Completed
0001a(3) Q3 Detailed Work Plan Update Completed
2 0001b  Aircraft Information Report Completed
3 0001c  Target Area Report Completed
4 0001d Field Inspection Report Completed
5 0001le  Aircraft Test Specimens Completed
------ Specimens Remova Report Completed
6 0001f Pre-Teardown Inspection Report Completed
7 0001g(1) Preparation and Delivery of Test Pand FT2t0 Completed
FAA Test Center
8 0001h(1) FT2Prdiminay Test Plan Completed
9 0001i Q3 Damage Characterization Report Completed
12 0001j Initial Database Completed
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Phase 2 Deliverables
(7/01/03 - 3/31/04)
Task CLIN Title ECD
1 0002a(1) Q4 Detailed Work Plan Update Completed
0002a(2) Q5 Detailed Work Plan Update Completed
0002a(3) Q6 Detailed Work Plan Update Completed
7 0001g(2) Preparation and Delivery of Test Pane FT1to Completed
FAA Test Center
0001g(3) Preparation and Ddlivery of Test PanelsFT3 Completed
and FT4 to FAA Test Center
8 0002 Test Pan Andyss Completed
0002c(1) FT2Find Test Plan Completed
0002c(2) FT1Find Test Plan Completed
0002¢(3) FT3Find Test Plan Completed
0002c(4) FT4Find Test Plan Completed
9 0002d(1) Q4 Damage Characterization Report Completed
0002d(2) Q5 Damage Characterization Report Completed
0002d(3) Q6 Damage Characterization Report Completed
10 0002e(1) Q4 DataAndysis Report Completed
0002e(2) Q5 Data Anaysis Report Completed
0002e(3) Q6 Data Anaysis Report Completed
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Phase 3 Deliverables
(4/02/04 - 12/31/04)
Task CLIN Title ECD
1 0003a(1) Q7 Detailed Work Plan Update Completed
0003a(2) Q8 Detailed Work Plan Update Completed
0003a(3) Q9 Detailed Work Plan Update Completed
9 0003b(1) Q7 Damage Characterization Report Completed
0003b(2) Q8 Damage Characterization Report Completed
0003b(3) Q9 Damage Characterization Report Completed
10 0003c(1) Q7 DaaAndyssReport Completed
0003c(2) Q8 Data Andyss Report Completed
0003c(3) Q9 Data Anaysis Report Completed
11 0003d(1) Q7 Ingpection Capability Report Completed
0003d(2) Q8 Ingpection Capability Report Completed
0003d(3) Q9 Ingpection Capability Report Completed
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Phase 4 Ddiverables
(1/0V/05 - 9/30/05)
Task CLIN Title ECD
1  0004al) Q10 Detailed Work Plan Update 3/25/05
0004a(2) Q11 Detailed Work Plan Update 6/24/05
0004a(3) Q12 Detalled Work Plan Update 9/23/05
9 0004b Q10 Damage Characterization Report 3/25/05
10  0004c(l) Q10 DataAnalysis Report 3/25/05
0004c(2) Q11 Data Analysis Report 6/24/05
0004¢c(3) Q12 Data Anayss Report 9/23/05
11  0004d(1) QIO Inspection Capability Report 3/25/05
0004d(2) Q11 Inspection Capability Report 6/24/05
0004d(3) Q12 Ingpection Capability Report 9/23/05
12 0004e  Technicd Report - Draft 6/24/05
0004f Technica Report — Find (Phases 1-4) 9/23/05
0004g  Find Database (Phases 1-4) 7/22/05
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Phase 5 Deliverables
(9/30/05 — 3/30/06)
Task CLIN Title ECD
1  0005a1) Q13 Detailed Work Plan Update 12/31/05
0005a(2) Q14 Detailed Work Plan Update 3/31/06
9 0005b Q13 Damage Characterization Report 12/31/05
10 0005¢ Q13 Data Andysis Report 12/31/05
12 0005d  Technicd Report Addendum - Draft 2/28/06
0005e  Technicd Report Addendum - Fina 3/31/06
0005f  Find Database 3/31/06

Note: The contract revison required to extend the performance period and add these deliverablesis
pending.
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Task Area Gantt Chart
R RS el 2 |oir4 2002 |Gtr1, 2003 [Gfr2 2003 [Gfr3 2003 |Gtrd4 2003 [Qir1,2004 [Ofr 2 2004 [Gdr 32004 [Gir4 2004 |Gitr1,2005 |Gtr2 2005 |Gtr 3, 2005 |Qtrdl
SER Mo Jan hlar EN dJul SER Mo Jan har REN Jull SER Mo Jan har REN Jull SER
7  |Phaze 1 T ——— ? ] }
g Qoo acty: Initial CWwP — 1218
11 Q001 a2y ChP G Update H kT |
13 Q001 ac3): Ol Q3 Update — 620
13 0ao1hk: Aircraft Information Report P 131
20 0001 c: Target Area Report H 12418
27 0001k Field Inspection Report p— 1213
33 0001 e: Specimen Removal Report p— 1218
34 0001 f: Pre-teardown Inspection Report Pr—— 2
44 Q001 g: Delivery of Fuselage Panelz Report — 213
=9 0001 b Preliminaty Test Plan : ' ' 1730
o Q001§ Phaze 1 Damage Characterization Repart H 620
g2 0001 j: Initial Databaze — 62T
(ot 21 meeting wpii2is
a4 22 meeting w3
93 23 meeting P 613
97 |Phaze 2 P —— 2§
a5 Qo02act) vk Qd Update : 922
100 Q002ac2): Dk QS Update 12119
102 Qo02ar3): CWyP Q6 Update H 319
104 0002k: Test Plan Analysis -—' 1/30
111 0002c: Final Test Plan P—— 13}
116 0002d017: 24 Damage Characterization Report 01D
118 0002dC27: @5 Damage Characterization Report p— 1210
120 0002d(3Y: @6 Damage Characterization Report p— i 10
122 0002e1): @4 Data Analysiz Report p— 019
124 QO02e 2y, @5 Data Analysis Report p— 12019
126 0002e 3y @6 Data Analysis Report | 31O
125 24 meeting ey 1023
13 25 meeting P 122
134 26 meeting H 428
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I |Task Hame S04 [Gr 2, 2004 [Gir 3. 2004 [Gir &, 2004 [t 1, 2005 [ctr 2, 2005 [Gir 3, 2005 [Cir 4, 2005 [Gtr 1 2006 |Gir 2, 2006

Feb Mar  &pr May Jun Jul Aug Sep Oct Moy Dec Jan Feb Mar Apr May  Jun Jul Aug Sep Oct Moy Dec Jan Feb Mar  Agpr May

137 |Phaze 3 438 i - 12720

138 0003a1 1 CWP OF Update 6730 E

140 000302y P G5 Updste ]9??

142 D003aC3): CWWP 28 Update Prpn— 1215

144 0003k 1 27 Damage Characterization Report P— 30

146 0003k(2: @5 Damage Characterization Report — D24

145 0003k(3): @9 Damage Characterization Report pe—— 1217

150 0003ci1 ) 27 Data Analysis Report P— 30

152 0003ci2): @8 Data Analysis Report — D24

154 0003ci3): @9 Data Analysis Report pe—— 217

156 0003k 1 27 Inspection Capabilty Report P— 30

155 0003di2): @5 Inspection Capability Report — D24

160 0003di3): 29 Inspection Capability Report pe—— 217

162 27 meeting P 623

165 28 meeting w24

168 219 meeting

171 |Phaze 4

172 000411 CWP Update S10

174 0004a2Y: DvWP 1 Update

176 0004a3Y: DvuP 212 Update

178 0004k @10 Damage Characterization Report

180 0004c(1) @10 Data Analysiz Report

182 00042 @11 Data Analysiz Report

184 0004c(3) @1 2 Data Analysiz Report

186 0004d01y &1 0 Inspection Capakility Report

188 0004402 @211 Inspection Capakility Report

180 00044037 &1 2 Inspection Capakility Report

182 0004e: Technical Report - Draft

194 00041 Technical Report - Final

1896 0004 Final Database

188 10 meeting

202 211 meeting

206 212 meeting

210 |Phasze s

211 00051 1 CWP Update 213

213 000527 CWVWP Update C14

215 0005k 13 Damage Characterization Report

217 0005c 13 Data Analysis Report

214 0005d Technical Report Addendum - Draft

2 0005e Technical Report Addendum - Final

223 0005f Final Databasze

225 213 meeting

227 214 meeting
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Phase 3 Gantt Chart
I |Task Mame | &gl [ My | June [ uly | &ugust |September |October |Movember |December | January
M4 328 4M1 0 4825 o3 oi23 G5 Br20 T4 Elil= &4 gfsS  &29  9M2 926 10M0 10524 11 116 125 1219 152
137 |Phaze 3 13 _ 1220
135 0003a(1) DWP Q7 Update ' ' —- /30
140 0003a(2): DR GF Update
142 0003a03): vk QS Update 1245
144 0003k 1) @F Damage Characterization Report I G0
146 0003k 27 23 Damage Characterization Report I 9:.'?4
145 0003k(3Y: 28 Damage Characterization Report — 1217
150 0003c(1 ) &F Data Analysis Repaort I G0
152 Q003c( 2 23 Data Analysis Repaort P 24
154 00033y 28 Data Analysis Report — 12147
186 003k 1 QF Inspection Capability Report P G0
158 Q003d(2): 28 Inspection Capahilty Report I 9:.'?4
160 0003d(3); @9 Inzpection Capahility Report — 1217
162 Q7 meeting p— 23
162 13 meeting Py 324
168 19 meeting P 1‘_1'.'1:"!]
171 |Phase 4 113 3
172 0004:=1 DR Update a0 :
174 00042 DvP Q1 Update
176 0004a(3): DWeP G112 Update
178 0004k: 210 Damage Characterization Report :
180 0004c1) 210 Data Analyzsiz Report :
182 00042y 211 Data Analysis Report
184 0004c(3) o112 Data Analysiz Report
186 00041y 210 Inspection Capabilty Report Jp—
188 0004d 2 211 Inspection Capahilty Report
180 00043 212 Inspection Capahilty Report
192 Q004e: Technical Repott - Draft —
194 0004t Technical Repart - Final
196 0004g: Final Databasze —
195 10 meeting
202 211 meeting
206 2l 2 meeting
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CHAPTER 4. TASK AREA DETAILS

Task 1: Detailed Work Plan / Program Review
Contract Statement of Work
The contractor, in coordination with the FAA, will develop a detailed work plan (DWP) outlining the

overall technica approaches, responsihilities of participating organizations, scope and objectives of each
magor task area, schedule, and expected results. The DWP shdl include an in-depth literature survey to
document procedures, guiddines, lessons learned, and results from previous airplane destructive
evauations and fatigue testing. The DWP ouitlines the overall technical approaches, responghilities of
participating organizations, scope and objectives of each mgjor task area, schedule, and expected
results. A Gantt chart showing dl tasks and milestones will be included and shall be updated by the
contractor through out the period of performance of the contract. This DWP shdl incorporate any
technical re-directions received as approved by the FAA. The DWP shall be modified and submitted
to the FAA on a quarterly bases.

Contract Ddliverables

Phase 1 000la Detailed Work Plan & quarterly updates

Phase 2 0002a: Quarterly updates to the Detailed Work Plan
Phase 3 0003a: Quarterly updates to the Detailed Work Plan
Phase 4 0004a Quarterly updates to the Detailed Work Plan
Phase 5 0005a Quarterly updatesto the Detailed Work Plan

PROPRIETARY DATA - RESTRICTED DISTRIBUTION - CONTROLLED BY TERMS OF FAA AGREEMENT



ENGINEERING DEPARTMENT

SHEET 25 [NO.  4-086482-20
TOTAL 63

ISSUEDATE 12/22/04

Task 2: Selection Of Candidate Aircraft
Contract Statement of Work
The contractor, in coordination with the FAA, will select one Federa Aviation Regulation (FAR) Part

25 certified aircraft near its DSG. The aircraft must hold up to 120 passengers and be representative of
revenue- service passenger arcraft currently in the domestic fleet of FAR Part 121 aircraft with at least
700 currently in service. The aircraft must have awell-documented and accessible service history. A
prerequisite for the aircraft chosen isthat the entire usage in terms of flight types, mix and hours be
known. The aircraft shall have a least 75% of the 16 WFD susceptible structure defined in the
Appendix A.

Contract Deliverable
Phase 1 0001b: Aircraft Information Report, with history of arcraft including aircraft usage

mai ntenance records, service difficuty reports, FAA Airworthiness Directives (AD),
etc.
Scope and Objectives

l. Veify that candidate aircraft N474DA (727-200) satisfies the SOW prerequisites.
A. Determine 727-200 certification bas's
B. Determine current status of the worldwide and FAR 121 727 flests.
C. Verify the presence of WFD susceptible structure in the 727-200 design

. Document maintenance history and present in an accessible format.

A. Document the history of routine maintenance, including block checks, letter checks, and
HMV'’s (D-checks). Compile higtory into an accessible format.

B. Document the history of compliance with Airworthiness Directives and Boeing Service
Bulletins. AD’sand S/B’ s that affect the specimens to be removed will merit a more detailed

summary. Compile higtory into an accessible format.
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C. Document the history of Delta- designed repairs by compiling Engineering Repair

Authorizations. Repairs that affect the specimens to be removed will merit a more detailed

summary. Compile engineering records into an accessible format.

D. Document the history of Ddta-designed aterations through Supplementa Type Certificates.
STC'sthat affect the specimens to be removed will merit amore detailed summary. Compile

engineering records into an accessible format.

E Query the FAA database to gather history of Service Discrepancy Reports. Highlight those
reports which affect the specimens to be removed.

. Determine entire usage of N474DA in terms of flight types, mix and hours from delivery in 1974
to retirement in 1998. These parameters will change throughout the life of the aircreft.

A. Determine flight cycles and flight hours versus date.
B. Determine usage data in terms of cycles/day and hours/cycle
C. Determine typicd flight profile, including CG location, typica dtitude, and typical load factor.

Respongbilities
Ddtaisrespongble for dl work within this task

Reaults

l. N474DA is acceptable as a candidate aircraft. See Aircraft Information Report
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Task 3. Selection Of Aircraft Specimens
Contract Statement of Work

In the base program, the contractor, in coordination with the FAA, will select four or more of the
following fuselage structures susceptible to multiple ste damage (M SD) and/or multiple eement dameage

(MED) for examination:

a) Longitudina Skin Joints, Frames, and Tear Straps of Pressure Vessd (MSD/MED)

b) Circumferentid Joints and Stringers of Pressure Vesse (MSD/MED)

C) Lap joints with Milled, Chem-milled or Bonded Radius (MSD)

d) Fusdage Frames (MED)

e) Stringer to Frame Attachments of Fusdage (MED)

f) Shear Clip End Fasteners on Shear Tied Fusdage Frames (MSD/MED)

For the fuselage structures sections, the total area of al selected details shall not be less than 400 sg
feet:

a) with not less than 90 linear feet of skin joints susceptible to MSD and
b) with not less than 10 recurrent structurd elements susceptible to MED and
C) with not less than 250 individud details (e.g. rivet Stes) susceptible to MSD or MED.

In addition, the contractor, in coordination with the FAA, will select sx or more structures for
use later in the optiona program (if exercised by the FAA) that are susceptible to multiple site damage
(MSD) and/or multiple eement damage (MED) for examination:

a) Over Wing Fusdage Attachments (MED)

b) Latches and Hinges of Non-plug Doors (MSD/MED)

) Aft Pressure Dome Outer Ring and Dome Web Splices (MSD/MED)

d) Skin Splice at Aft Pressure Bulkhead (MSD)

e) Abrupt Changes in Web or Skin Thickness — Pressurized or Unpressurized Structure
(MSD/MED)

f) Window Surround Structure (MSD, MED)

0 Skin at Runout of Large Doubler (M SD)—Fusdage, Wing or Empennage
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h) Wing or Empennage Chordwise Splices (MSD/MED)
i) Rib to Skin Attachments (MSD/MED)

) Typicd Wing and Empennage Congruction (MSD/MED)

Each of these featuresisillugtrated in Attachment J 1 Appendix A [of the SIR]. The target
aress for destructive andysis in the base program shall include four fusdage panels suitable for extended
fatigue cyding and resdud srength tests using the Full- Scale Aircraft Structurd Test Evaluation and
Research (FASTER) facility located at the FAA William J. Hughes Technica Center, Atlantic City
Internationd Airport, NJ. A description of the facility and the requirements for the pandsis attached as
Attachment J-2 Appendix B [of the SIR].

Contract Deliverable
Phase 1 0001c: Target AreaReport, listing selected areas including engineering drawings,

location on aircraft, and selection judtification.
Scope and Objectives

l. Select fuselage skin areas for the Base Program
A. Sdect and judtify 4 fusdage skin areas to modify into FASTER pands

1. Determine pand sizes such that FASTER frame spacing, stringer spacing, and overal sze

requirements are met.

2. Cdculae circumferentid and longitudina stress under flight loads and pressurizetion along
the fusdage.

3. Locate pands on aircraft to place S-4 near the pand centerling, and a circumferentia
joint within atested section. Allow ample margin for finish trimming after removad.

B. L ocate remaining skin pands such that the specified minimums for linear feet, square fest,
and individual details are met.

. Sdect fusdage, wing, and empennage structures for use in optiond program

A. Determine which structures have a high susceptibility to MSD/MED to judtify sdection
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1. Find repeated details as shown in SIR Appendix A
2. Cdculate spanwise stress under flight loads along the wing lower surface
3. Cross-reference Principd Structurd Elements as identified by Boeing 727 SSID
B. Verify that the pecified minimums MSD/MED susceptible details are met.
. Find or generate engineering drawings of selected structure

A. Create new drawing of 4 pandsfor FASTER modification.

B. Document Boeing drawings for dl other structures
Responsihilities

The sdlection of structuresin this Task isto be done in cooperation with the FAA. In particular, FAA
technical input is required to:
Make find determination as to which areas of the removed crown panels are most suitable for

FASTER tedting, based on the state of initial damage determined in Task 4

Results
All work required by this task has been completed. The Target Area Report will be submitted to the

FAA 12/18/02.
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Task 4: Conduct Field Inspections
Contract Statement of Work
Prior to removing sections defined in Task 3, agenerad visud field ingpection, including photographs of

the sections, should be made by the contractor in coordination with the FAA to catalog and fully
document the condition of the sections. The contractor shall 1abel the sections with boundaries and
identification marks to indicate the location and orientation of the section with respect to the aircraft.
Both visua and NDI for cracks, corrosion and disbonds of the selected structure shall be conducted by
the contractor using procedures based on the OEM’ s recommended standard practice and directed
ingpection requirements (service bulletins or airworthiness directives). NDI procedures shdl be
modified to alow data acquisition of signa response data to be anayzed later.

Contract Deliverable
Phase 1 0001d: Fed Ingpection Report, illustrating location and condition of structure prior to

remova with photographs and drawings.
Scope and Objectives

l. Prepare for visua and NDI for cracks, corrosion and disbonds
A. Determine which Service Bulletins and AD’ s are gpplicable to the Base Program structure

B. Compile ingtructions (job cards, process standards, etc.) for inspection procedures based on
SB’s, AD’s, and Boeing standard practice.

C. Modify standard NDI proceduresto alow data acquisition of signa response data to be
andyzed later

. Conduct visua and NDI for cracks, corrosion and disbonds
A. Remove interior, wiring, and sysemsin Sections 41 through 46 for as necessary for access
B. Conduct fiedd NDI and DV inspections the Base Program structure

. Prior to removing specimens, document condition
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A. Conduct generd visud field ingpection of aircraft, with specid attention to Base and Optiona

sructures

B. Labd the sections with boundaries and identification marks to indicate location and

orientation

C. Photograph specimens to show condition and to show relative location on airframe.

Note that the tasks to be performed on the additional structures are only those required for proper
documentation in anticipation of later work. A generd visud field inspection, including photographs of
the sections, should be made to cataog and fully document the condition of the sections, and the
sections will be labeled with boundaries and identification marks to indicate the location and orientation
of the section with respect to the aircraft. However, NDI and §/B and AD directed inspections will not
be performed to the additiona structures.

Responsibilities

Delta ingpectors and engineers are responsible for al work within this task.

Results
All work required by thistask has been completed. The Field Inspection Report will be submitted to

the FAA 12/18/02.

The field ingpections showed that MSD cracking is present within the S-4L and S-4R lgp joints.
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Task 5: Removal Of Specimens
Contract Statement of Work
The contractor shall remove the sdected sections from the aircraft without damaging those structura

details identified for analyss. Care must be taken by the contractor to provide adequate support for the
sructure during remova to prevent overloading and damage of the sections. The skins and substructure
of the four fusdage pands designated for testing in the FASTER facility must not be breached or
otherwise made unacceptable for testing in the FASTER facility. The contractor shal be responsible for
the safe shipment of sections to the testing and anadlysis Sites. The contractor shal be responsible for
damage associated with remova and shipping of the specimens.

Contract Deliverable
Phase 1 0001e: Aircraft Test Specimensto testing and andyss Sites

Scope and Objectives

l. Prepare for arcraft disassembly

A. Determine shoring plan and disassembly sequence to remove the selected sections without

damaging them due to overload, drop, puncture, etc.
B. Write indructions for shoring and disassembly
1. Remove selected sections from aircraft
A. Mark cut-lines on arcraft.
B. Provide engineering guidance during the ingalation and remova of shoring

C. Provide engineering guidance for section remova, including choices for crane equipment,

strapping methods, and ground storage.
D. Document and photograph disassembly.
. Package specimens for shipment to ensure safe shipment of sectionsto the testing and andlysis
gtes
A. Design and/or coordinate shipping containers
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B. Coordinate and provide engineering guidance for truck loading and shipment.
Responsibilities
Detaengineers are respongble for al work within this task.
Expected Results
All work required by this task has been completed. Base and Optiona Program Specimens have been
safely removed and delivered to the Delta TOC. The Specimen Removal Report will be submitted to
the FAA 12/18/02.

Base Program panelswill continue for further work as described in the following tasks. Optional
Program structures are FAA property after removal, but they will be stored by Delta for the duration of
the contract.
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Task 6: Conduct Pre-Teardown Inspections
Contract Statement of Work

After remova and delivery of the sections to the testing and analysis Site, agenerd visud inspection with
photographs of the sections should be made by the contractor in coordination with the FAA to
document the as-received condition. The contractor shal cataog and document detailed descriptions of
the sections removed including engineering drawings showing geometric dimensions, photographs taken
before and after removal, exact location and orientation with respect to the aircraft, and procedure for

removd.

The contractor using the procedures in Task 4 shdl conduct both visua inspection and NDI for cracks,
corroson and dishonds in the structure. 1n addition, prior to removing fasteners, the contractor shall
conduct and document NDI and visual measurements of crack length, rivet head and tail diameters,

countersink fits, and other joint assembly parameters.

Contract Deliverable
Phase 1 0001f: Pre-Teardown Inspection Report, illustrating location and condition of panelsin

the as-received condition with photographs and drawings.

Scope and Objectives

l. Prepare the pandsfor ingpection. Unpack and stabilize pandls

. Conduct visua ingpection to document the as-received condition
A. Take photographs
B. Creste engineering drawings showing geometric dimensions of the panes
C. Catalog and document detailed descriptions in the database (see Task 12)
D. Conduct and document NDI

E Conduct visud measurements with either a magnifying glass or 20x microscope. Document
measurements of crack length, rivet head and tail diameters, countersink fits, and other joint

assembly parameters into the database.
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. Creete engineering drawings of the panels, showing structural dimensions, NDT indications, and

any damage found.

V. Compile findings into the Pre-teardown Inspection Report and the database

Responghilities
Detainspectors and engineers are responsible for al work related to this task.

Expected Results
It is expected that most cracks will be in the lower fagtener row of the longitudind lgp joints. But, for

this task, ingpections must be done in the upper and lower |gp joint rows, both sides of the
circumferentid buit joints, dong the frames, and at the stringer dlips.

All work required by thistask has been completed. See the Pre-Teardown Inspection Report for more
informetion.
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Task 7: Preparation Of Panels
Contract Statement of Work
Four fusdlage pands removed from the sdlected aircraft shal be tested using the FAA FASTER facility.

The objectives of the extended testing areto: 1) propagate and extrapolate the state of damage beyond
the one DSG, 2) characterize and document the state of damage through real-time NDI, high
magnification visua measurements, and post-test destructive evaluation of fracture surfaces, and 3)
correlate analysis methods to determine crack initiation and detection, first link-up and residua strength.
In order to separate cracks from extended fatigue testing and from service conditions, an underload
marker band spectrum should be applied prior to the fatigue testing. Three subtasks are included:

Preparation of Panels. The contractor shdl prepare four fuselage test pands for proper fit and testing in
the FASTER fixture as defined in Appendix B. Thisincludes attaching reinforced load attachment
doublersfor the longitudinal, hoop, and frame end load assemblies for both fatigue and resdua strength
tests. The FAA shal provide geometric specifications and requirements of dl loading attachments.

The prepared specimens shall be shipped by the contractor to the FASTER facility located at the FAA
William J. Hughes Technicd Center.

Contract Deliverable
Phase 1 0001g: Preparation, Testing & Ddlivery of Fusdage Panels a the FASTER facility
located a the FAA William J. Hughes Technica Center

Scope and Objectives
The firgt work of thistask will be atrip by Delta engineersto the FASTER test facility for detailed
familiarization with the fixture.
To understland mechanicd fittings and interfaces between the FASTER load frame and the

panels, required for this task
To undergtand the capabilities and limitations of the FASTER load frame related to load
gpplication (See Task 8)
Preparation of the four test panelsincludes:
Developing the find design for the test pands, in close cooperation with the FAA
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Issuance of engineering ingructions for modifications from removed specimens to test

pands, including find engineering drawings of the test panels.

Precison cutting of skin edges and both ends of 6 frames and 7 stringers

Fabricating and ataching sheer fittings to the 4 edges

Fabricating and fitting load attachments to both ends of 6 frames and 7 stringers

Shipping the test pandlsincludes:

Modifying the shipping containers from Task 5 to fit the test panels

Loading the panels into the containers (e.g., banding and bubble-wrap)

Carefully loading the truck
Responsibilities
Deta engineers and mechanics are responsgible for the objectives listed above for the modification of the
pands. In addition, the test objectives listed in the Statement of Work will be incorporated by Delta
into the Test Plans covered in Task 8.

The FAA isresponsble for

providing an on-site briefing on the mechanicd fittings and interfaces between the FASTER load
frame and the pandls
providing geometric Specifications and requirements of al loading attachments
While al work required to prepare the pands for testing has been completed, engineering work in
support of the FASTER testsisongoing. Seethe Test Plan Andysisand the 4 Find Test Plansfor

more information.
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Task 8: Development Of Test Plan
Contract Statement of Work
The contractor, in coordination with the FAA, shall develop aTest Plan. The plan shdl include loading

gpectra (test operating pressure, hoop and longitudinal loads, frame loads and cycle frequency), visud
ingpection and NDI requirements, test schedule, pre-test predictions with anticipated number of cycles,
grain gage layouts and specifications, data collection requirements, and other information that are
required to assure successful test results. The test plan shdl outline the overal technica approaches,
responghilities of participating organizations, scope and objectives of each mgjor task area, schedule,
and expected results. The test plan shal be submitted to the FAA one month prior to testing for
goprova. Thetest plan shdl include a Gantt chart showing al tasks and milestones and enginesring
drawings of test panels. The Gantt chart shal be updated monthly through out the period of
performance of the test program..

Contract Deliverables
Phase 1 0001h: Priminary Test Plan

Phase 2 0002b: Test Plan Andysis, including spectrum devel opment
0002c: Final Test Plan

Based on discussion at the Q2 Quarterly Review Meeting, the schedule for the Task 8 ddliverables has
been staggered to be consstent with the test pandl schedulein Task 7. Separate Test Plan Reports will
be submitted for each panel. The FT2 Priminary Test Plan was submitted coincident with delivery of
the FT2 test panel. Submittal of the Final Test Plansfor FT1, FT3, and FT4 will coincide with ddivery
of the gpplicable test pand.

Scope and Objectives
Devedopment of the Priminary Test Plan includes:

Vidt FASTER test facility for detailed familiarization to understand the capatiilities and limitations of
the FASTER load frame (completed 3/18/03).

Determine objectives and designated panel for each of four tests, and coordinate with the FAA
(completed 3/27/03, see Preliminary Test Plan Overview).
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Outline the overdl technica gpproach, and responghilities of participating organizations
Determine stress exceedance plot representative of 727 service
- Exceedance data will account for flight types, flight mix and flight hours flown by Ship 474
- Exceedance data will be based on Delta Shuttle mission
Accomplish order-of-magnitude crack growth prediction for planning purposes.
Determine load spectrato apply to test fixture actuators
- Determine crack growth rate in service based on flight, pressurization, and ground loads.
- The FASTER load spectrum is a constant amplitude or composite spectrum that produces
equivaent crack growth to service,
- Thetest spectrum for each pand may be different.
Determine strain gauge locations and technicd requirements for data acquisition system.
Determine schedule for visua ingpection and standard and emerging NDI during the test.
Completion of the Test Plan Andlyssincludes
Detailed crack growth smulation to predict fatigue test behavior.
- Thegmulaionisapand leve crack growth analyss that includes every lower-row fastener hole
The smulation can be done with acommon stress intensity function that is vaid for every hole.
geometry of skin hole with loaded fastener
Adjacent FEA crack interaction effects
Models of FASTER panels used to determine
- load digtributions among skin, stringer, and frames
- mid-bay skin bulging due to iffening at frames and sringers
- FASTER boundary condition effects
The Find Test Plan shdl include al information required to assure successful test results.
visua ingpection and NDI requirements, strain gage layouts and specifications, data collection
requirements, engineering drawings of test pandls;

loading spectra (test operating pressure, hoop and longitudinal loads, frame loads and cycle
frequency);
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the overdl technical approaches, responsihilities of participating organizations, scope and objectives
of each mgjor task areg;

test schedule, and a Gantt chart showing al tasks and milestones, to be updated monthly through out
the test program;

pre-test predictions with anticipated number of cycles and expected results.
TheFind Test Plan shall be submitted to the FAA one month prior to testing for approval.

Find Test Plansfor dl four panels are completed and ddlivered at Q5. Tegting to the first pand
(FT?2) is scheduled to begin Apr 2004.

Test Overview

Tests are planned to panels which have no NDI indications at the S-4 [gp joint. Thisdlocation

dlows dl holeswith NDI indications to be characterized without further crack propagation, ensuring

accurate crack information for subsequent Probability of Detection studies.

All planned tests have the same profile. Tests will begin using a representative fatigue spectrum.

Near the end of the test, when visua MSD is present, the cyclic load will be increased to the

resdua strength spectrum and the panel will be cyded until falure.
The "Fatigue Spectrum” isasmplified constant amplitude or composite spectrum derived to
produce crack growth rates and M SD distributions representative of those seenin service.
The "Residud Strength Spectrum” is a congtant amplitude spectrum based on the critica
resdua strength requirement of 14 CFR 25.571(b)/JAR 25.571 (b). Applying this
gpectrum will result in crack growth rates that are faster than those seen in service.
However, the MSD date a pane falureis by definition a criticd MSD date for the pand.

Additiond details are avalladlein the Test Plan Andyss
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Strain Surveys
The Fina Test Plansfor each of the four panelsincludes astrain survey at the fatigue condition prior to

the start of the extended fatigue testing. The objectives of the srain surveys are:

- Create ahigh-fiddity stran map of the test panel at Design Service God, before additiona damage
hasinitiated. This map will be the basdline for comparison with later strain measurements as MSD
develops.

- Vadlidate the FEA models used to develop the test plans, and ensure that the pand is behaving as
expected.

- Optimize the FEA modds as necessary to improve corrdation with the strain measurements. The
FEA models boundary conditions are particularly important to this corration.

AsFT2 wasthe firgt pane to be tested, the strain gage surveys in advance of fatigue testing were

paticularly exhaudtive. Initid surveyswere conducted at 5 ps interna pressure to ensure that al

interndl loads were rdatively low. These tests have been completed, with the conclusion that thereis

good correlation between the predicted and measured strainsin dl sgnificant areas for [ap joint MSD.

Therefore, the “go-ahead” to conduct strain surveys at the 8.9 ps fatigue load has been relayed to the

FAA. Seethe Q6 Data Andysis Report for more details.

Guidance for Monitor vs Repair

Asof Q7, FT2 has accumulated more than 17,200 cycles with no definitive indication of lap joint MSD.

However, cracking has been detected in two other areas. near the bend radius of severd stringer clips,
and at thefirgt skin to stringer attachment inboard of the outermost tearstraps, near the pane
reinforcement doublers. Both of these are considered consequences of FASTER D-Box testing, so
these cracks will be repaired, stop-drilled, or disregarded, whichever is more convenient (see the Q7
Data Analysis for more details). These actions are in contrast to the test plan for MSD in the lgp or
circumferentia joints, where crack growth will be closaly monitored and documented.

In generd, the cracks of greatest interest are those located within the “area of interest” box that is
separated from the edge reinforcing doublers by one frame or stringer bay. Cracksin the skin, frames,
or gringers within the area of interest will likely be monitored and documented. Cracks in other areas

will be addressed on a case-by-case basis, and are likely to be addressed as test consequences. Thisis
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particularly true for cracks resulting from the FASTER test environment which are not typica of service.

An assessment of the effectiveness of D-Box testing to match the service environment will beincuded in

the “lessons learned” of this test program.
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For reference - From 14 CFR Part 25, 825.571 Damage tolerance and fatigue eva uation of structure:
(b) Theresdua strength evauation must show thet the remaining structure is able to withstand loads
(consdered as gtatic ultimate loads) corresponding to the following conditions:
(1) Thelimit symmetricd maneuvering conditions specified in 8 25.337 at dl speeds up to Ve and
in§ 25.345.
(2) Thelimit gust conditions specified in § 25.341 & the specified speedsupto VC and in §
25.345.
(3) Thelimit ralling conditions specified in § 25.349 and the limit unsymmetrica conditions
specified in 88 25.367 and 25.427 (@) through (c), at speedsup to VC.
(4) Thelimit yaw maneuvering conditions specified in § 25.351(a) at the specified speeds up to
VC.
(5) For pressurized cabins, the following conditions:
(1) The normd operating differential pressure combined with the expected external
aerodynamic pressures gpplied smultaneoudy with the flight loading conditions specified in
paragraphs (b)(1) through (4) of this section, if they have asignificant effect.
(i) The maximum vaue of norma operating differentia pressure (including the expected
externd aerodynamic pressures during 1 g leve flight) multiplied by afactor of 1.15, omitting
other loads.
For reference - From JAR 25.571:
(b) Damage-tolerance (fail-safe) evauation.
The evauation must include a determination of the probable locations and modes of damage dueto
fatigue, corrosion, or accidenta damage. The determination must be by analysis supported by test
evidence and (if available) service experience. Damage a mulltiple sites due to prior fatigue exposure
must be included where the design is such that this type of damage can be expected to occur. The
evauation must incorporate repeated load and static anayses supported by test evidence. The extent of
damage for residud strength evauation at any time within the operationd life must be consstent with the
initid detectability and subsequent growth under repesated loads. The resdud strength evauation must
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show that the remaining structure is able to withstand loads (consdered as datic ultimate loads)
corresponding to the following conditions:
(1) Thelimit symmetrical manoeuvring conditions specified in JAR 25.337 upto VC and in JAR
25.345.
(2) Thelimit gust conditions specified in JAR 25.341 at the specified speeds up to VC and in JAR
25.345.
(3) Thelimit rolling conditions specified in JAR 25.349 and the limit unsymmetrica conditions
specified in JAR 25.367 and JAR 25.427(a) through (c), at speedsup to VC.
(4) The limit yaw manoeuvring conditions specified in JAR 25.351 at the specified speeds up to
VC.
(5) For pressurised cabins, the following conditions:
(1) The normd operating differentid pressure combined with the expected external
aerodynamic pressures gpplied smultaneoudy with the flight loading conditions specified in
subparagraphs (b)(1) to (b)(4) of this paragraphif they have a Sgnificant effect.
(i) The maximum vaue of normd operating differentid pressure (including the expected
externd aerodynamic pressures during 1 g leve flight) multiplied by afactor of 1-15 omitting
other loads.
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Test Matrix
FASTER Test Matrix
Test Panel Number Initial MSD Test Summary
Sequence Condition
2 Panel FT1 Nonedetected | - Load cycleuntil Visual MSD using representative
FS 460- FS600 Fatigue Spectrum.
- Load cyclefrom Visual MSD to failure using
S2RtoS9L . . o -
a eftc;i de) Residual Strength Spectrum (i.e., critical condition
from 14 CFR 25.571(b))
1 Panel FT2 Nonedetected | . |oad cycleuntil Visual MSD using representative
FS600- Fatigue Spectrum.
FS720A; . . .
- Load cyclefrom Visual MSD to failure using
Residual Strength Spectrum (i.e., critical condition
S2RtoS9L
(Left side) from 14 CFR 25.571(b))
4 Panel FT3 Nonedetected | . oad cycle until Visual MSD using representative
FS720A-FS783 Fatigue Spectrum.
- Load cyclefrom Visua MSD to failure using
S2RtoS9L . . ., -
a eftosi de) Residual Strength Spectrum (i.e., critical condition
from 14 CFR 25.571(b))
3 Panel FT4 Nonedetected | - Load cycleuntil Visual MSD using representative
FS969- Fatigue Spectrum.
FS 11
SH0 - Load cyclefrom Visual MSD to failure using
Residual Strength Spectrum (i.e., critical condition
S3Lto S8R
(Right Side) from 14 CFR 25.571(b))
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Task 9: Damage Char acterization
Contract Statement of Work

The contractor shall characterize the Sate-of-damage of al sections removed including the pands to be

tested in Task 7. Thisincludes quantifying the extent of fatigue cracking, corroson, faying surface

fretting fatigue, and Structurd disbonding.

a

Fasteners Holes with Detected Cracks. Fastener holes with visualy detect cracks and those
whose NDI resulted in asigna response exceeding a specified threshold will be destructively
examined. Thisthreshold will be specified to ensure that no less than 150 fastener Stesare

destructively examined for the base program.

Fastener Remova and Dedtructive Examination: The contractor, in coordination with
the FAA, shdl remove sdected fagteners from the structure and perform microscopic
examinaion and bolt-hole eddy current ingpections. The contractor shall split open
seect fagtener hole to reveal the crack surfaces and then conduct a fractographic
characterization. The crack shape and size should be cataloged and documented,
however, evidence of crack initiation could be destroyed due to the fastener removal
process. The fastener hole surfaces should be examined to determine and document the

extent of damage due to the fastener remova process.

Dedtructive Examination with Festener Intact: The contractor, in coordination with the
FAA, shdl sdlect fastener holes to split open to revea the crack surfaces with the
fastener intact. The recommended method is athree-point bend straining technique
developed a NASA Langley Research Center (LaRC). Thetechnique, illustrated in
Appendix C, exposes crack surfaces without damaging the fastener hole surface. The
contractor shdl then perform fractographic examinations to identify, catalog and
document crack initiation sites and mechanisms, crack shapes and sizes, and qudity of
the fastener hole surface (compare with that from aremoved fastener in Task 8al
above).
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b. Fastener Holeswith No Crack Detection: For an arbitrary number of details (not less than 50

for the base program) with no visua or NDI evidence of cracking, a destructive examination
shdl be conducted. The objective isto determine if there are small cracks that were not
detected by visud ingpection and NDI. A subset of fastener holes will be identified for stripping
and etching to highlight and enhance cracks for high magnification (at least 20X) visud
inspection. The remaining fastener holes shall be destructively examined per task 8al and 8a2

above.

C. Other Damage Modes. the contractor shall examine Structure with conditions known to
precipitate cracking. Such conditions include structura disbonding, corrosion and faying surface
fatigue. The contractor, in coordination with the FAA, shall select structure based on NDI and
visud ingpection results to measure and quantify the extent of corrosion, faying surface fatigue,
and structural disbonds (tear-straps, lap joints, etc).

d. Recongtruct Crack History: Using an scanning electron microscope (SEM) or equipment with
equivaent resolution and standard fractographic methods including conduct striation counts, the

contractor shal empirically reconstruct crack growth histories on no less than 50 characteristic
cracks for the base program. Crack fronts and profiles should be defined by at least three
positions having beach marks.

Contract Ddiverables

Phase 1. 9a Damage Characterization Report: 3 Quarterly updates reporting procedures, data,
and results obtained in Task 9.

Phase 2: 9b: Damage Characterization Report: 3 Quarterly updates reporting procedures, data,
and results obtained in Task 9.

Phase 3: 9c: Damage Characterization Report: 3 Quarterly updates reporting procedures, data,
and results obtained in Task 9.

Phase 4 9d: Damage Characterization Report: 3 Quarterly updates reporting procedures, data,
and results obtained in Task 9.
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Scope and Objectives
The primary objectives of thistask are wel explained within the above statement of work.  The scope

of the damage characterization includes :

Within &t least one frame bay, fully characterize the damage state of dl structures to catalogue the
types of damage present (Visud and SEM characterization).

Determine extent of damage in upper and lower skin, stringers, frames, and tearstraps.
Document the micro- and macro-scae conditions contributing to crack initiation.

On severd test or teardown panels, measure the crack length, crack orientation, surface qudity and
fastener parameters dong the lower skin lower fastener row holes (Visud characterization and SEM

driation counts).

Document conditions contributing to crack initiation to vaidate engineering models relating
fastener fit, fracture morphology, and crack initiation/EIFS.

Document evidence of crack interaction.

At dl inspection locations, measure crack length parameters of detected cracks (Visua
characterization).

Individual crack lengths are needed for NDI Probability of Detection studies

Digribution of crack lengthsis needed to determine crack arrays for crack growth and
resdud strength modes.

Satidy dl SOW requirements, including the characterization of 50 holes with no crack indications.

Examingtion of holesin the upper skin lower row, stringer, and tearstirgps will determine the
level of damage in those details which are not NDI inspected by current programs.

Examination of al lower skin lower row holes across a frame bay will provide smadl crack

datafor the crack array.
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In addition to the primary objectives, severd lines of investigation have been devel oped based on
findings from the damage characterizations to date. Theselinesinclude:

Investigate the effect of the poor rivet ingtalation as a cause for more than two cracks per hole.
Investigate the cracks that are oriented in the fusdlage hoop direction.
Investigate the retardation effects, if any, of the multiple cracks in the same hole.

Determine if fractographic indications can be found that resulted from N474DL’ s misson change

from main line to shuttle aircraft.

Determine if load shedding from the lower row fastener hole cracking has caused cracking in the

lower skin in the stringer row of holes.

Phase 1 Reaults
Prototype disassembly and visud characterization of large MSD cracksin S-4R lower row between

fuselage stations 540 and 560. See Q3 Damage Characterization Report.
Phase 2 Results

Characterization viavisua microscopy of MSD dong S-4R, FS 480 — FS 600 and FS 720C — 720D.
Striation counts for selected cracks within thisrange. See Q6 Damage Characterization Report.

Phase 3 Expected Scope

Full characterization (visual microscopy and SEM) of dl significant lower row cracks, S-4R, FS
540 to 560.

Characterization of FT2 cracking outside the test arealin support of FASTER teting.

Initid characterization of lgp joint MSD from FT2 FASTER testing. Evauetion of the efficacy of
the specified marker band sequence, in consideration of future testing.

Phase 4 Expected Scope

Characterization via visua microscopy of remaining MSD from Pre-Teardown Ingpection.

Characterization of Iap joint MSD from FT1 FASTER testing.
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Phase 5 Expected Scope

Characterization of lap joint MSD from FT3 and FT4 FASTER testing.

Responghilities
Delta engineers are respongble for dl work within this Task
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B Holes without NOT
finding s examined after
disassembly to-date =
80 (meets require ment)

® Additonal holes without

MOT findings that were
examined =110

® Holes with NOT findings
examined (after
disassembh) =112

O Mumber of hales with
MOTfindings that rermain
to be examined, per
requirerment = 38

B # of cracks which have
had SEM striation
count performed =33

B # of cracks remaining,
that reguire SEM
striation count to be
pefarmed =17

Figure 4: Damage Characterization Status as of 12/15/04
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Teardown Matrix at DSG
DSG Teardown Matrix (Destructively examined with no testing)
Panel Number Initial MSD Condition Description
Panel F1 S4L, FS400-420: 4 cracked Teardown on|y
S4L, FS420-440: 5 cracked Includes UT tearstrap indicati d
FS352- FS460 S4R, FS420-440: 1 cracked nelu esl o ear ;.‘Fli'” 'cations an
S4R, FS440-460; 1 cracked Ightning strkerepar
S5L-S6R
Panel F2 (A and B) None detected Teardown only
FS850 - FS969
S5L-S5R
Panel F3 FS480-500: 2 cracked R|ght side, oppgsite FT1
FS 500-520:
FS460- 3 cracked, incl 1 from both sides
FS 600 FS 520-540:
8 cracked, incl 5 from both sides
S2Rt0 S9R FS 540-560
12 cracked, incl 8 from both sides
FS 560 - 580
6 cracked
FS 580 - 600
10 cracked, incl. 3 from both sides
Panel F4 FS 600 - 620: Right side, opposite FT2
5 cracked, incl. 3 from both sides
FS600- FS 720A,; FS 620 — 640:
5 cracked, incl. 3 from both sides
S2Rto S9R FS 660 — 680:
4 cracked, incl. 4 from both sides
FS 680 — 700:
2 cracked, incl. 1 from both sides
FS700— 720: 6 cracked
FS720- 720A:
9 cracked, all from both sides
Panel F5 FS 720A - 720B Right side, opposite FT3
8 cracked, incl. 7 from both sides
FS720A - FS720B - 720C
FS783 13 cracked, incl 11 from both sides
FS720C - 720D
S2Rt0 SO9R 4 cracked, incl. 3 from both sides
FS 720D - 720E: 3 cracked
Panel F6 None detected Left side, opposite FT4
FS969-FS 1109 Includes d od tri
S3L toSa. ncludes damag ringer
Panel F9 None detected Teardown only
FS500- FS640
S25L to S-27L
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Task 10: Data Analysis
Contact Statement of Work
The contractor, in coordination with the FAA, shal andyze the crack data (patterns, digtributions, Szes

and shapes) calculated in Task 9 and demonstrate how to use this data to characterize MSD crack
initiation, crack detection, crack link-up, residua strength and the WFD average behavior in the
sructures removed. Andysis methods will be developed to correlate the state of MSD at any point in
time

a Generate Stress Spectra: The contractor shall document the procedure to generate stress
spectra representative of prior operation and usage for each structure removed. The basic aircraft
usage (eg. flight types, flight mix and flight hours actudly flown) should be used in generating the

Sspectra.

b. Crack Initigtion/Initid Damage Scenario: The contractor shal determine and document how to
estimate number of cyclesto crack initiation and estimate the Size, extent and distribution of cracks
characterizing MSD initigtion. Severd methods are available including traditiond empirica methods
using extensve S-N test data with scatter factors, fracture mechanics-based Equivdent Initid Flav Size
(EIFS) concepts and ardatively new faigue initiation model for Igp joints, Eijkhout Modd, outlined in
National Aerospace Laboratory, NLR, report NLR-CR-2001-256. Use of test data in probabilistic
andyds framework to determine crack initiation could be investigated. The contractor shall select one

or more approaches and determine the applicability and feasibility in conducting WFD assessments.

C. Fina Damage Scenario: The contractor shall determine and document the size, extent and
digtribution of MSD causing areduction of resdua strength below predefined levels defined in
coordination with the FAA for the structure removed. Severa approaches are available to estimate the
fina damage scenario including engineering estimates using sub critica conditions and new more
rigorous techniques that were evaluated under FAA contract DTFA03-96-C-00027. The contractor
shdl select one or more approaches and determine the applicability and feasibility in conducting WFD

assessments.
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d. Conduct Crack Growth Analyss: Using the information developed in Tasks 3.9athrough ¢

above, the contractor shal conduct fatigue crack growth analysis for each structure removed. The
andyss should be conducted from the initid damage scenario determined in Task 9b to the find damage
scenario determined in Task 9c. Cdculations should include the number of cyclesto crack detection,
crack link-up and to the final damage scenario. Government funded or other publicly available codes
and methods should be used. Standard linear elastic fracture mechanics models or advanced crack
closure-based fatigue crack growth models should be consdered which are availablein FASTRAN,
NASGRO and AFGROW. The contractor shal select one or more approaches and determine the
gpplicability and feagbility in conducting WFD assessments

e Residud Strength: The contractor shdl predict the fatigue crack growth and residud strength of
the panelstest in Task.7 per Task 9a—9d above. For the gpproach used the contractor will comment
on the ability of the modelsto:

1. accurately andyze crack growth and residua strength (i.e. match empirica datato models)
2. accurately predict crack growth and residua strength (in the absence of empirical data)

Contract Déliverables
Phase 2: 10a: Data Andysis Report: 3 Quarterly updates reporting procedures, data, and results
obtained in Task 10.

Phase 3. 10b: Data Analysis Report: 3 Quarterly updates reporting procedures, data, and results
obtained in Task 10.

Phase 4 10c: Data Andysis Report: 3 Quarterly updates reporting procedures, data, and results
obtained in Task 10.

Phase 5: Data Andysis Report: 1 update reporting procedures, data, and results obtained in Task
10.
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Data Analysis Godsfor Phasss 3and 4
- Development of probabilistic mode for globa crack initiation

- Bayesan learning capability
- Didributions of initid flaws (socheadtic initid damage scenarios)
- Vaiability in dress states (resdua and applied stresses)
- Vaiability in crack digtributions, directions, Sizes and shapes
- Development of stressintengity solution for local crack state

“Tunnded” cracks

Multiple origins

- Locdized interactions

Changing crack front shapes (independent, amorphous, polynomid,)

- Devedopment of stressintendty solution for lgp joint cracking Sate

Crack arrays at each fastener hole (viatwo-step VCCT FEA iterations)

Locd and globd MSD interactions

Complex dtress gtates (bending influence on crack shapes)

Curved and stiffened pane nonlinear affects

- Refinement of finite dement modd of fusdage skin lgp joint bay

- Refinement of fusdage skin lap joint ABAQUS finite dement 3-fastener “strip” model

- Completion 2D finite dement modeing parametric study of riveting ingdlation “ defects’

- Deveopment of 3D finite dement modeling asymmetric modeds of riveting installation (academia)
- Explanation of fusdage lap joint inner skin lower row fastener hole crack pattern

- Multiple cracking at lower quadrants around fastener holes
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- No cracking in upper quadrant around fastener holes

- Deveopment of finite dement models for superposition of applied stress state coupled with resdud

Stresses from rivet models
- Explanation for crack initiation influence factors from damage characterization work
- Assessment and correlaion of widespread fatigue damage test predictions

Crack distributions

Inspection Start Point (1SP)

Structural Modification Point (SVIP)

Residud srength conservatism?

Nondestructive Test Probability of Detection determination from damage characterization

- Nondegtructive Test Probability of emerging ingpection technologies evaluated

Assess effectiveness of D-Box testing to smulate complex fusdage structura response

See the current Data Analysis report for more information.
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Task 11: Inspection Capability Assessment

Contract Statement of Work

The contractor shal assess the capabilities the selected NDI used in this study to find and characterize
damage. Results from the basdline NDI in Tasks 4 and 6 will be compared with the crack information

obtained from destructive evaluationsin Task 9 above. The contractor should document the limits of
NDI detectability of smdl cracks.

Contract Deliverables
Phase 3. 11a Ingpection Capability Report: 3 Quarterly updates reporting procedures, data,
and results obtained in Task 11.

Phase 4 11b: Damage Characterization Report: 3 Quarterly updates reporting procedures,
data, and results obtained in Task 11.

Gods from the Inspection Capability Assessment
- Assessment of the capabilities of selected NDI used in program

- Conventional NDT methods in wide use by industry today
- Emerging NDT technologies
- Parametric sudy of NDT effectivenessin detection of characterized damage
- POD by crack location
- POD by crack length
- POD by crack direction
- POD by crack shape
- POD by number of MSD cracks per hole, bay, panel
- POD by fidld ingpection
- POD by shop inspection

- Depository of dl NDT related program activities
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- FHeld ingpections
- Shop ingpections
- FAA Technician Leve 1 Certification

- FASTER Test Ingpections (update through 40,000 D-box pressure cycles)
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Task 12: Documentation And Database Development
Contract Statement of Work

The contractor shdl fully document al procedures, approaches, and data from the work outlined in
Tasks 1 through 11 above in an dectronic database. Information to be included in the documentation
and database include, but are not limited to the following:

a Rationd for sdection of the aircraft and structure analyzed
b. Procedures and data from field and pre-teardown inspections
C. Procedures used to remove structure from the aircraft

d. Procedures and approach used in the extended fatigue cyding and resdud srength test using the
FASTER facility

e. Dataand results of dl ingpections including ddlivery of sgnd response datain the form of an
electronic database

f. Data characterizing the state- of- damage including:

0. Fatigue crack distributions, locations, shapes and sizes

h. Damage initiation mechanisms and locations

i. Recongtructed fatigue crack growth histories

J. Quantification of corroson, disbonds, fretting damage a faying surfaces, and other damage

k. Decriptions of the crack growth analysi's methodol ogies used

|. Results of gpplication of the methodologies as a means to andyze crack growth

m. Results of gpplication of the methodologies as ameans to predict crack growth

n. Description of the methods used to determine the MSD initiation, crack detection and crack link-up
0. Reaults of the anadysisto determine MSD initiation, crack detection and crack link-up

p. Procedure and data from materia characterization
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g. Conclusions and recommendations specific to determination of MSD initiation, crack detection and

crack link-up
r. Generd results and conclusons

Contract Ddliverables

Phase 1: 12a Initid Database: Develop structure and format of initial database usng al the
data used, collected, and developed Phase 1 of this contract. Databases shdl be developed using
commercidly available software. Databases delivered shdl aso include documentation on database
structures, data record specifications, their usage and dataretrieval. The contractor shdl submit the
initial databases developed under this contract to the FAA 30 working days before the end of Phase 1

for review and comment. The FAA will have 15 working days to review and comment. The contractor
shdl then have 15 working days to incorporate comments provided by the FAA that are reasonable and
within the scope of the work and then provide the FAA with the finalized databases in dectronic format

competible with both a PC and commercidly available software.

Phase 4: 12b: Draft Find Report: Five hard copies and an dectronic verson of the draft fina
report to the FAA at end of last quarter before of the contract performance period for review and
comment. The contractor shal summarizing al work done under this contract in Tasks 1 through 12
and shdl be ddivered by the contractor to the FAA. The draft Technica Report shal include a
description of the teardown process, visua inspection and NDI  procedures, fractographic anayses
results, data andysis results (EIFS, crack initiation and growth, etc.), assumptions made, methodologies
gpplied with detailed theoretica derivations and computationa formulations, models implemented
(geometric configuration, materid parameters, boundary conditions, etc.), and recommendations. The
draft fina technica report shdl be prepared in standard e ectronic format and in accordance with the
FAA Order 1700.8D, "Standards for Preparing, Printing, and Digtributing Federd Aviation
Adminigration Forma Technica Report.”

12c. Find Report: The FAA will have 60 working days to review and comment on the draft
fina technica report. The contractor shal then have 30 working days to findize the report with
incorporation of comments provided by the FAA and provide the FAA with five copies of the findized
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report aong with al the eectronic filesin aformat compatible with Microsoft Office verson current at
the time of the ddivery.

12d: Find Database: Databases with dl the data used, collected, and developed under this
contract. Databases shal be developed usng commercialy available software. Databases ddivered
shall adso include documentation on database structures, data record specifications, their usage and data
retrieval. The contractor shal submit al databases developed under this contract to the FAA 60
working days before the end of the contract performance period for review and comment. The FAA
will have 30 working days to review and comment. The contractor shal then have 30 working daysto
incorporate comments provided by the FAA that are reasonable and within the scope of the work and
then provide the FAA with the findlized databases in dectronic format compatible with both a PC and

commercidly available software.

Phase 5 During Q8, provisions were made to extend the deliverable schedule to accommodate
the time required to complete FASTER testing of FT3 and FT4. At the end of Phase 5, an updated
Final Report and Database will be issued to incorporate FT3 and FT4 data.

Godsfor the Database:
The eectronic database will contain dl of the technical data ddivered during the course of this contract.

Tabular data such as crack lengths, ingpection findings, rivet parameters, crack growth rates, etc.
will be within fiddsin atable form.

Graphical data such as fractography and NDT signd responses will be stored a graphic files (e.g.,
* jpg) linked to caption tables

Report data such as procedures, results, and conclusions will be *.pdf fileslinked to user input

forms
The Database will be theided tool to didtribute these results to the industry
Database will be the tool that ingtitutiondizes the teardown and evauation process

Standard queries and reports will filter data as needed
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Expertisein MS Access will not be required for use, but knowledgeable MS Access users will be

able to design very sophigticated custom data queries
Database should be contained on adata CD or CD collection.
Database must be packaged such thet it is easily transferable to the FAA or industry.

Standard Format Codes
Two standard format codes have been developed as database keys. The Longcodeis a unique,

intuitive standard format for each finding, based on its location on the airplane. In contrast, atypica
numbering system is one where structures, cracks, strain gauges, etc. are numbered sequentialy. This
method is Smple, but not intuitive. For atypica system, acomplex graphica map is needed to corrdate
each itemtoitslocation. Thisworkswell for areasonable number of details, but is untenable for alarge
number of details. This research program will database information on more than 12,000 holes and
tearstrap locations, and the format must be readily applicable to any new findings.

The Shortcode is an abbreviated format that il intuitive, but is short enough to inscribe on
fractographic specimens or conveniently list in tables. The short code is used as the unique key to link
records in the database. See the Initial Database Report for additional information.
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APPENDIX A: FULL-SCALE TEST AND TEARDOWN LITERATURE REVIEW
A Review of Published Literatureon Aircraft Full-Scale Fatigue Testing, Destructive
Evaluation and Teardown
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BACKGROUND

Modern aircraft Structures are designed using a damage tolerance philosophy. Thisdesign
philosophy envisions sufficient strength and structura integrity of the aircraft to sustain major
damage and to avoid catastrophic fallure. High replacement costs and competition have led
arline operators to use their airplanes beyond the origind design service objective. The
gructura aging of the aircraft may significantly reduce the strength below an acceptable leve, an
important safety issue. Fatigue isamaor economic and safety problem for aircraft based on
historicd evidence. Aircraft fatigue problems were studied since the late Fifties. In the USAF,
the Aircraft Structura Integrity Program was initiated in 1958.

An aging fleat has a higher probability of fatigue-initiated cracking and eventudly resultsin
widespread fatigue damage (WFD). WFD is defined as the Smultaneous presence of fatigue
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cracks & multiple structurd details that are of sufficient Size and density whereby the structure

will no longer meet its damage tolerance requirement (maintaining the required resdua srength

after partid failure). There are two types of WFD: multiple Ste damage (MSD, fatigue cracks

in the same gtructura dement) and multiple dement damage (MED, fatigue cracks in adjacent

sructurd eements).

According to Goranson,* the following aircraft structures are susceptible to WFD:

Fuselage Wing and empennage
longitudinal skin joints, frames, and tear Sraps chordwise splices
circumferentia joints and singers rib to diffener attachments
frames skin runouts of large doublers
aft pressure dome outer ring and dome web splices gtinger runouts at tank end ribs

other pressure bulkhead attachment to skin and web
attachment to stiffener and pressure decks

gringer to frame attachments

window surrounding structures

overwing fuselage attachments

latches and hinges of nonplug doors

skin at runouts of large doublers

Thein-flight structurd failure of an Aloha Airlines Boeing 737 on April 28, 1988 reinforced the
aging arcraft sudy. Thefailure precipitated from the link-up of smal fatigue cracks extending

from adjacent rivet holesin afusdage lgp-splice joint. This caused approximately 18 feet of the

upper crown skin and structure to separate from the fusdlage. The Aloha Airlines accident

crested arevolution in the aircraft community. The problems associated with aging aircraft have

to be quantified and the methodology to ensure the structura integrity of airplanes hasto be
reassessed. Federd Aviation Adminigtration (FAA), Nationa Aeronautics and Space

Adminigration (NASA), and the Department of Defense (DoD) have sponsored research on

the development of various andytica methodologies to investigate aging aircraft problems.

These analyses are performed in accordance with the airworthiness requirements FAR/JAR

25.571. Aspart of these efforts, the Full-Scale Aircraft Structurd Test Evaluation and
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Research (FASTER) facility was established.. According to Bakuckas and Carter, full-scae
fatigue testing will provide data to enable cdibration and vaidation of prediction methodologies
and will serve as atest bed to evauate the sengtivity and effectiveness of standard and emerging
ingpection technologies to detect smdl cracks. The data generated from this effort will be used
to caibrate and vaidate WFD assessment methods. The andysis methodology would alow
enginears to maintain the aging fleet economically while insuring continuous airworthiness. The
experience and knowledge gained from this project will enable the FAA to issue essentid rules,
policy, and advisory circulars pertaining to the prevention of WFD. The findings from full-scae
fatigue tests will help to determine service ingpection intervas, quantitatively eval uate inspection
findings, and alow the safe operation of the current aging fleet beyond the original design service

god.

The main objective of thiswork isto conduct a literature review of the aircraft full scale fatigue
testing and teardown approaches and methodol ogies that have been utilized for arcraft
components and structures, ingpection methods, and damage mechanics and models for life
prediction.
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FULL SCALE FATIGUE TEST

In the early years most of the full scale fatigue tests performed were conducted to evauate the
adequacy of a specific proposed design or to check the weaknesses in existing design.?® Since
the 1988 Aloha Airline 737 arcraft accident, full-scae fatigue tests has been motivated by the
desire for safe operation of the current aging fleet beyond the origind design service objective.

There are many factors to be consdered in the full-scde fatigue testing. The following topics

are covered in this section:
Full-scde fatigue testing facility

Fatigue characterigtics such asfatigue life, crack initiation, WFD distribution, WFD linkup,
and the effects of multiple-gte cracking on the resdud strength of fuselage structures.

Full-Scale Fatigue Testing Facilities
FAA developed a Full Scae Aircraft Structurad Test Evaluation and Research (FASTER)

facility to apply redidtic flight load conditionsto large, full-scale, curved sections of fusdlage
dructure#>6789101L12.13 Thig fadility test curved pandl sectors. It is more suitable to smulate
typica arcraft pressure vessd structure at the crack tip than the flat pand testing method.
Details of thistest capability are provided in Bakuckas report.

Four types of fuselage panels were studied using FASTER a FAA: (1) two configurations with
longitudind lap splices, (2) two configurations with circumferentid butt joints. For each
configuration, one contained only alead crack and the other contained alead crack with
multiple cracks. Fatigue crack formation and growth was monitored and recorded in redl time
using the Remote Controlled Crack Monitoring (RCCM) system. A Sdlf-Nulling Roteting
Eddy- Current probe system developed by NASA Langley Research Center isaso used as
crack inspection tool. According to Bakuckas and Carter, criticd fatigue areas include FS
360-FS 720, FS 1009-FS 1130, and S4R-S4L. The chemica compostion of the materiad
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for skin, frame, stringer, shear clip, and fastener, etc. can be identified from drawings and

analyss results from either x-ray florescence spectroscopy (XRF) or energy dispersive

spectroscopy (EDS). Reported test length is from 16,000 to 20,800 cycles. The test panel

dimensgonsare shownin Table 1.

Table1l: Ted pand dimensons.

LONGITUDINAL CIRCUMFERENTIAL RADIUS
120" 68" 66"
7 stringerswith a7.5” pacing 6 frames with a 19" gpacing
Table2: Applied Loads.
Test Type Load Type Maximum Load
Pressure Hoop Frame Long
(ps) (Ibfin) (Ib/in) (Ib/in)
Strain Survey | Quas-Static | 16.0 878.6 177.4 0
Strain Suvey | Quas-Staic | 0 0 0 528.0
Strain Survey | Quas-Static | 16.0 878.6 177.4 528.0
Fatigue Cydic 16.0 878.6 177.4 528.0

Sponsored by FAA, Foster-Miller, Inc** * also conducted full scale fatigue tests of fusdlage

panels.

Fatigue test pand characterigtics are shown in the Table 3.
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Table 3:Test pand configuration:

Pand length (inches) 120
Pand width (inches) 68
Pand radius (inches) 75
Number of frames 6
Number of tear straps 11
Number of stringers 6
Frame spacing (inches) 20
Tear strap spacing (inches) 10
Stringer spacing (inches) 9.6
Skin thickness (inches) 0.036
Tear strap thickness (inches) 0.036
Skin and Tear strap materid 2024-T3 Al dloy (clad)

The pressure for test panels was between 1.0 and 9.5 psi. Therate of loading was 0.2Hz or

720 cycles per hour. Study focused on the distributions of cracks along the upper rivet row at

different pointsin time as the panel was cycled. The tested fatigue life for algp splice pand

loaded to a pressure differentia of 8.5 pd is goproximately 75,000 cycles. Thefirst linkup of

multiple cracks occurred at about 92% of thislife.

This pand deviates in some design features from an actud commercid aircraft. A tear strgp and

filler grip combination was used in place of the waffle doubler design in actud arcraft. Larger

universal head rivets are used instead of countersunk rivets.

Boeing full-scae fatigue testing faility was introduced by Miller and Gruber et &6 17 18 19. 20

21 There are two types of barrel pressure test fixtures at Boeing: wide-body and narrow-body.

A fixture with aradius of curvature of 74 inches is gpplied to match Boeing' stypica narrow
body arcraft (727, 737, and 757), and afixture with aradius of curvature of 127 inch for wide-
body aircraft (747, 767, and 777). Both fixtures are 20 feet in length. The overdl geometry of
the fixture is congstent with typical fusdage design: 7075-T6 frames a 20 inch (508mmm) pitch

and 2024-T3 clad stringers at a9.25 inch (235”). Each fixture has a 10 feet by 10 feet

rectangular cutout, designed to ingtd| the test pandls.
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Air isapplied for smulation the true dynamic conditionsin afusdage sructure. Greeter air
compressor capacity would help reduce cycling time. Compressed air is used asthe
pressurizing medium. Differentid pressure is 90 ps produced by 5 dectric compressors. Air
flow isregulated by adigitd vave. Cydlic ratesare 1 min per cycle in the narrow -body fixture.
0.1 inch thick rubber air bladders are used to reduce air leakage.

The data acquisition system consists of up to 300 channels for recording test information,
principaly from strain gages. Most tests are remotely monitored using video cameras. The
resulting film is used for review and adlysis. A test crack isintroduced by inserting a5-inch
sawcut at the test location.

Being conducted full-scale fatigue and teardown studies for aging aircraft. But there is no data
released on EIFS determined from aging aircraft.

Using air as pressurization medium in full-sze ructure raises significant safety issues. The
number of tests that are required to generate the necessary data would be both expensive and
time-consuming due to the Sze of the full-scde fadility.

Lockheed Martin Aeronautics Company established a service life assessment program in the
1990s.% # #* Full-scale fatigue test was performed for P-3C. The test duration god isto
reach two times service life and testing may be continued at 10,000 fatigue test spectrum hour.
The areas selected for fatigue testing include: (1) center wing-lower surface, (2) outer wing-
lower surface, (3) outer wing-upper surface, (3) main landing gear, (4)nose landing gear, (5)
nacelle, (6) fusdage, (7) empennage, (8)control surfaces, (9) additiond center wing section
locations, (10) additiond vertical stabilizer locations. Miller et d reported a methodology for
development of the loading spectra for the wing/fuselage and empennage test for the S-3B Full-
Scde Fatigue Test program. Thereislimited information in the literature on details of the test
fadility.
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NASA Langley Research Center®? and FAA jointly designed and conducted fracture tests
on 40-inch wide sheets made of 0.063-inch thick 2024-T3 Al dloy with and without siffener.
Stiffeners are made of 0.087-inch thick 7075-T6 Al dloy. The centrd giffenerswere cut dong
the crack line. Open holes were machined into the sheet at the required rivet spacing dong the
crack line but rivets were not ingtaled. Five different crack configurations were tested: A single
center crack, asingle center crack with an array of 12 holes on either sde of the lead crack,
and asingle center crack with three different equal MSD crack lengths (0.01, 0.03 and 0.051-
inch) at the edge of each hole.

United States Air Force (USAF) established Aircraft Structura Integrity Program (ASIP) in
1958. Thegod of this program isto control structurd failure of operationd arcraft, determine
methods of accurately predicting aircraft service life, and provide a design and test gpproach
that will avoid structurd fatigue problems. MIL-A-8867B (was given later in AFGS-87221A)
datesthat full scae durability test should be run for aminimum of two lifetimes unlessthe
economic reached prior to two lifetimes. It isgtill not certain if dl the potentidly safety problem
areas can be determined based on this type of test.

According to Lincoln®’, several references established the duration and/or the severity of the full
scaetesting. Using an average spectrum is not economical because of the testing period istoo

long. The practica way to complete the test in atimely manner isto increase the severity of the

test spectrum.

It is necessary to conduct a fractographic examination if the crack growth is faster than
predicted. Loca stresses and fracture deata for the material used in the full-scae test article
should aso be determined in thiscase. An assessment should aso be made to determine the
implication on the damage tolerance derived ingpection program

Airbus aso conducted barrd full-scale fatigue tests. %332 Schmidt and Nielsen [30]
presented information on the development of load spectra for center fuselage and wing test and
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the rear fusdlage test for medium A330 and long range A340. Thetypicd A330 misson
contains an average block time of 90 minutes and an operation dtitude of 35,000 ft. Two
typical A340 missons are ashort misson with 75 min./35,000 ft and a medium range mission
with 405 min./39,000 ft.

According to Boetsch and Beauffils, the loading of the specimen is carries out through the
following devices on the fusdage: loading jacks, loading trees of the cabin floor and the
pressurization is achieved through the test jig. The ground loads are applied to the nose landing
gear by three jacks. The areas chosen for full scale fatigue tests on the Airbus A320 are as

follows
Forward fusdage
Wing/center fusdage
Rear fusdage
Horizontal sabilizer
Veticd sabilizer

The test is scheduled to be 120,000 smulated flights (2.5 lives with fatigue life design of 48000
flights). The load spectrum follows “flight by flight” procedure. For the forward fusdage
section, the test load include (1) take off, landing, taxiing, (2) air loads. gust and maneuver, (3)

cabin pressure.

According to Schmidt, Airbusfull scale fatigue test Smulated a minimum of two life times, and
was multi-section testing, such as (1) front fusdage, (2) center fusd age/wing, (3) horizontd tall,
and (4) rear fusdlage.
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National Laboratory NLR the Netherlands has afusdage pand full-scale fatigue test
fadlity.* The fatigue test loads Smulate cabin pressurization in radia and axia direction and
axid loads representative of fusdlage bending. The performance of the test set-up is evauated.
The test resultsindicate the suitability of the biaxid load introduction systems to load a pand
comparable to apand in a pressurized fuselage subjected to bending. Test duration is 180,000
flights. The chamber pressure are reproduced within 3 percent.

National Aerospace Laboratory (NAL) in Japan® has abarrdl testing facility. A
pressurized fusalage section of 2.5 meterslong, 1.25 meters diameter can be tested. The barrel
sructure basicaly consists of four skin pands stiffened by Z-section stringers and attached to
four Z-section ring frames to make up five-bay barrd structure. Four panels overlap and join
each other by three rivet rows to form four longitudind lap splice joints. There are only 2.5 bays
with nomina skin thickness 0.81mm. Both ends of barrel specimen are reinforced by doublers
to prevent undesirable failure. About 200 strain channels monitoring 2- and 3-element rosettes
were |ocated within third bay mostly on the outside surface of skin. Whenever possible, 2 or
more gages were used to average data over smilar location. Deformation of skin, lap joints,
and gructural details of the central bay was monitored by approximately 100 strain gages,
displacement dial gages, and extenzometer.

Department of Defense, Defense Science and Technology Organization (DSTO),
Aeronautical Research Laboratory, Australia, desgned and built loading rigs that can
perform full-scale fatigue testing for aircraft wings and test them to destruction (refer to
http:/Amww.dsto.defence.gov.au/index.html). Some information on the testing equipment was
provided by Payne[2].

Structures, Materials and Propulsion Laboratory, I nstitute for Aerospace Research
(TAR), National Research Council Canada aso conducted full-scae fatigue testing (refer to
http:/mwww.nre.caliar/structures _lahtml). A largetest bay is equipped with computer-
controlled mechanical and hydraulic loading devices and sophisticated deta acquisition systems.
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A mgor full-scae fatigue test of an F-18 wing is currently in progress. Loads are gpplied via63
compuiter-controlled servohydraulic actuators while data from over 600 strain gauges are

acquired and monitored automatically.

Lessons learned: Ful-scae fatigue tests of aircraft structures/ components that have not
been in service may not give accurate information on crack initiation because (1) full-scale
fatigue test results may not be representative of the actua operationa load spectrum, and (2) the
potentia influence of environmenta exposure may have on the crack initiation processis
neglected. Mogt of the tests (except one project conducted at Japan) do not incorporate
corroson and/or accidental damage that can accelerate fatigue cracking. The real operation
may deviate from the typicd full-scale profiles the fatigue and damage tolerance behavior of
testing results may deviate from the in-service aircraft. According to Hewitt™, full-scale aircraft
gructurd fatigue tests are extremely complex from a control sysemsview point. There are
usudly alarge number of actuators with significant interactions between them. Control is made
more difficult because load cdls usudly move with the actuators.

Fatigue Characteristics
Findings from FAA
In 2000, Akpan et a reported that symmetric, collinear crack propagation under constant-

amplitude fatigue loading was observed for the two pandstested. The first pand had a
longitudina Iap splice, and the second pand had a circumferentia butt joint. Reasonable
agreement was obtained between experimenta fatigue crack growth data and predictions
relying on the Mode | stress-intengty factors cadculated usng finite dement anadlyses of the test

panels.

Resdud strength tests were conducted on each panel after the fatigue loading. For the curved
pand with the longitudind lap splice, theinitia damage conssted of atwo-bay crack with a
length of 25” with the centrd frame cut, and for the curved pand with the circumferential butt
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joint, the initid damage conssted of afour-bay crack with alength of 19” with the centrd
gringer cut. Failure of the panels occurred at 11.14 psi and 17.5 ps, respectively, well above
typica operational pressures of 8 ps for narrow-body arcraft. Thus, these results show that
curved panels representative of narrow-body aircraft fuselage structure with large cracks and
broken frames and dringers are capable of withstanding loads in excess of typicd in-flight

operational pressures.

Ahmed et d performed geometric nonlinear finite dement andyssto predict the strain
digtributions and gtressin the pandl. FEA andysis results and testing results are found in good
agreement. It was concluded the analysis assumptions and boundary conditions were vaid.
Other parameters governing fatigue crack initiation and growth of the curved panels were not
present yet.

Findings from Boeing
Gopinath reported that most of the local cracks were initialy detected past 30,000 full pressure

cyclesfor 747-100 test article. The cracks located at mid-bay between frames, initiating out of
discrete upper row fastener holes. At 40,000 full pressure cycles, none of the cracks detected
during cycling, with the exception of one location, had linked up between fasteners. No cracks
were detected in the aft fusdlage skin splices. The mgority of cracks detected during cycling on
the internd fusdage Sructure were on

frames

passenger entry door cutout structure
passenger entry doors

upper deck floor beams

A sgnificant percentage of these cracks were detected on the internd structure in the nose
section. Crackson the internd structure of the nose section were reported in the fleet on
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arplanes with 10,000 to 17,000 full pressure cycles. The mgority of the cracks on theinterna
gtructure of the other fuselage section were detected after 32,000 full pressure cycles.

Some loca cracking was detected on skin lap splices after 33,500 full pressure cyclesin the
nose section of the 747-400 forward fusdage. Theinitid crack lengths a detection by high
frequency eddy current inspections were 0.05 to 0.07 incheslong. The cracks were generdly
a mid-bay between frames, initiating out of discrete upper row fasteners. The maximum crack
length at 40,000 cycleswas 0.20 inches. None of the cracks linked up between fasteners at
40,000 full pressure cycles. Very few cracks were detected in the rest of the fusdlage Structure.
The two sgnificant findings were cracksin the upper deck stairwell cutout, and skin cracksin
the eectrica equipment cooling cutout unique to the -400 model. These cracks were detected
past 33,500 test cycles.

L essons lear ned: Thisresearch islacking mgor technica issues: (1) no ingpections conducted
on fusdage lap joint inner skin lower fastener row. (2) residud strength conclusion did not
consder MSD and accidental damage (large damage capability).

According to Goranson et d,*® 1* 2 the 737 aftbody section test extended the pressure cycling
from 59,000 cycles at retirement (18 years of service) to 130,000 total cycles. At 79,000 tota
cycles, corresponding to 24 years of service, MSD of approximately 0.09-in length beyond the
fastener head was visually detected in the skin at seven upper row countersunk fasteners along
Stringer 4R. The 737 test revedled no mgor new economic- or safety-related fatigue findings.
One of the dgnificant findings was cracking at typica frame splices below the entry door.
Approximately one-third of the fastenersin the critica row developed cracks. The damage
detection period prior to linkup (during which safety inspections are carried out) ranges from
10,000 to 40,000 flight cycles, depending on Igp joint condition (corrosion, disbond).
Following crack linkup, a mgjor crack reached alongitudind length of 32 inches with three tear
srapsfailed before a change in crack direction caused “skin flapping” and safe decompression
at 100,600 totd cycles equivaent to about 30 years of typica service usage (7 years without
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repairssinceinitia crack detection). Repairs of the aft pressure dome permit continued testing
of the section to an equivalent of 130,000 tota pressure cycles (40 years of operator service).
The 747 test extended the pressure cycling from 20,000 service cyclesto 40,000 tota cycles.

Test sections are modded using finite dement techniques, and analysis results are compared
with a comprehensive set of strain gauge and crack opening displacement measurements. The
structural modeling of crack behavior can berefined , as necessary, to provide a validated tool
to determine the effect of crack location and trgectory and materid nonlinearity on the resdud
grength of the test panels.

Piascik et d *° conducted full scale testing of fusdage structure to demondirate structural
arrworthiness to 60,000 full pressure (0 to 9.0 ps) cydles, i.e. three times the minimum
economic design objective. Cracksin the fusdage skin lap splice joint were observed in afew
localized regions of the structure. Fatigue crack initiation occursin regions of high fracture
toughness located at or near rivet hole corners, surface discontinuities (burr, dents, etc.) and
abraded (fretted) sufaces. Fretting fatigue damage black oxide debris, was noted & every rivet
hole/lap splice interface. Mogt fretting initiated fatigue cracks were contained in the upper row;
here, dl fatigue cracks initiated in the outer skin at the inner/outer skin interface in regions that
exhibited increased surface abrasion (fretting damage).

Gruber et d found that the crack growth rate of the leading crack in the lap joint was greater in
the presence of smulated MSD. Without MSD the lead crack arrested in each fastener hole,
and additional cycles were required to extend the crack out of the opposite side. For the
floating frame panel geometry (no shear ties) and crack lengths tested in this program, the
presence of 0.05-inch MSD in the lap joint upper rivet row reduced the residua strength of the
panel by 20% compared to pand containing no MSD. During the resdud strength portion of
the tests, the tear straps bridging the crack tips of the two-bay lead crack remained intact until
thefind fallure load was reached. However, the test results are inconclusive as to whether tear

drap failure led to dynamic extension of the lead crack.
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Meyer et a *" tested 2,400 groups of fatigue test data to determineif the fatigue failures were a
function of any particular variables, e.g., specimen configuration, aloy, load type, etc. The only
variable that congstently affected fatigue scatter was the type of loading, i.e., pectrum or
congtant amplitude. Congtant amplitude testing typically resulted in more scatter compared to
gpectrum testing. The differences are attributed to the fact that the spectrum test results were
effectively low cycle fatigue due to the frequent occurrence of high loads while the constant
amplitude results were from high cycle fatigue where more scatter exist. These full-scale fatigue

tests are used to estimate the projected fatigue life distribution.

Findings from NASA Langley Research Center
NASA Langley research laboratory conducted the Airframe Structurd Integrity Programin

support of the aging commercid flegt 3394041424344 Nawman et d did alot of work on the
aging arcraft fatigue investigation.  He concluded that crack nucleetion is associated with cyclic
dip and is controlled by theloca siress and strain concentration. Micro-crack growth isthe
growth of cracks from inclusions, voids, or dip bands, in the range of 1 to 20 nm in length.

Fatigue cracks were present at virtualy every rivet hole in the top row of rivets. The cracks
ranged in Sze from about 50 mm to severd centimeters. Crack initiation mechanismsincluded
high local siresses, fretting along mating surfaces, and manufacturing defects crested during the
riveting process. The cracking behavior in each bay was smilar and the results of the fatigue
marker bands were rdatively independent of rivet hole location.

Harris stated that MSD would require stress intensity factor solutions for three fundamentaly
different levels of crack sizes. For very smal cracks below the damage tolerance regime, the
finite dement method will be used to generate solutions to three-dimengiond crack
configurations such as surface and corner cracks initiating a countersunk rivet holes. The
results from FEA modeling can be used for the stress intengity factors for severa basic crack
corfigurations. After the cracks extend through the wall thickness and beyond the rivet heed,

the cracks will be in the detectable range and amenable to the damage tolerance philosophy.
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The two-dimensiond boundary element method will be used to generate Stressintengity factors
for MSD crack configurations prior to extensve link-up. After MSD crack link-up, the cracks
are quite large and crack growth will bergpid. The stressintengity factor for these cracks will
be strongly influenced by the geometric nonlinear response of the stiffened fusdage shell
gructure. The integrated fracture mechanics and fusdage structure andysi's methodology are
verified by the curved panel and subscae barrdl test program.

According to Kurth and Bigelow™, the onset of WFD, aswell asthe structure’ s residual
grength, are not determinigtic quantities, rather there is some probability that either the onset of
WFD has occurred or the residual strength has falen to unacceptable levels.

Findings from Airbus
According to Boetsch and Beauffils, there were 160 fatigue damage findings at the end of full-

scae faigue tests of A320. The mgjority were found on secondary structures.
L essons lear ned: No detalls of these fatigue damage were disclosed.

Santgermaet d conducted full scale fatigue test for widespread fatigue damage assessment in
A300 circumferentid joint structure. During full-scae fatigue test, MSD occurred and was
detected in acircumferentid joint Stuated in the forward fuselage section, ahead of the
passenger door. This 3-rivet row joint isloaded mainly by cabin pressure. The damaged area
was removed for fractographic anadlyss. Finite dement methods and Monte-Carlo andyss was
gpplied to study the fatigue behavior. The following structures are identified to be susceptible to

multiple Ste damage:
Longitudind and circumferentid fusdage joints
Successve fusdage frames

Wing/fusdage attachment
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Front pressure bulkhead
Integrally stiffened pandls a stringer run-outs

Lawford presented a summary of atest program used to support the development of
widespread fatigue damage anadysis methods for Airbus A300. The areas of the right hand
wing that are susceptible to widespread fatigue damage for A300B2 are as follows:

Rib 9 chordwise skin pand joint, top and bottom
Bottom skin, stringer web runouts at tank end rib 14
Rib to skin joints, top and bottom skins

Ends of the top skin reinforcing doubler

WFD fatigue tests were conducted for (1) top skin chordwise pane joint a& Rib 9, (2) bottom
skin chordwise joint a Rib 9, (3) bottom skin, stringer web runouts at tank end rib 14. The test
results are present in Table 4. Monte Carlo approach was used to define skin crack initiation
periods.

L esson’slear ned: No details of Monte Carlo agpproach are provided in this report
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Table 4: WFD tests results.

Panel Target | Achieved | Comments

Rib 9 top skin joint 90,000 | 92,000 Load cycling stopped with MSD and MED
present. Teardown ingpection of panel has
been completed. Tota of 75 cracks found, 15
cracks>10 mm.

Load factor applied to test loads=1.3
Equivdent aircraft cycles = 250,000

Rib 9 bottom skin 90,000 | 62,000 Load cycling stopped with MSD present in
joint skin pand.

Load factor gpplied to test loads=1.3
Equivaent aircraft cycles =180,000
Teardown ingpection has been completed.

Rib 14 bottom skin, | 90,000 | 84,000 WFD testing completed. MED initiation at
stringer web runout approximately 68,000 FCs demonstrated -
cracksin 2 adjacent stringers.

Load factor applied to test loads = 1.3
Equivdent aircraft cycles = 240,000

Cracked stringers were repaired to aircraft
standard and a further 16,000 FCs applied to
verify repair performance and dlow further
WD initiation.

Schmidt reported that full-scale fatigue tests of A300B2 reveded only afew cases of multiple
dtedamage. In the described fusdlage area only three cases of multiple Site damage have been
detected between 1.6 and 2.2 times of economic repair life. For these areas modifications and
ingpection programs have been defined beginning at 1/3 of time-to-detection with repest
ingpection according to the crack propagation behavior and the capability of the defined NDT
method. The effect of debonding due to corroson on the fatigue life of the longitudind joints
has been invedtigated. The barre test reveded afatigue life of more than three times the
economic repair life for an intact longitudind joint. The deterioration was the result of increased
bearing siress, reduced net section and changed eccentricity leading to achange of crack origin
and crack shape up to a certain length.
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Findings from Japan
According to Dybskiy et d, some outer skin cracks were found after 90,000 cycles, and a

flapping failure happened after approximately 119,000 cyclesfor the first test. For the second
tet, cracks were found penetrated outer skinin alap joint after 44,000 pressure cycles, and the
test lasted 79,500 cycles.

Furuta et a* at the Kawasaki Heavy Industries (KHI) and NAL tested lap-joint specimens
with two- or three-rivet rows using 100-degree countersunk rivets. These tests were
conducted under either ambient conditions or immersed in a 3.5% sdt-water solution. Harris et
a andyzed these test data, refer to [41]. Results show that the fatigue-life of testing pandls
exposed to salt water is reduced by afactor of about ¥z or 1/3 compared to the fatigue-lifein
ambient laboratory air environment. Cracks initiated and grew at severd rivet holes located in
the midbay of the pand, linked up a about 10 mm half-crack lengths, and caused pand failure.

Findings from IAR Canada
Feastaugh®’ et d reviewed loading and fatigue characterigtics of longjtudina fusdage splice. The

primary fatigue load on alongitudind fusdage spliceis fusdage presaurization to an
gpproximatdy congtant amplitude of around 8 ps per flight. During alifetime of 20 years, a
long-range trangport aircraft might be subjected to 20,000 pressurization cycles, while a
medium range aircraft might be subjected to 80,000 pressurization cycles. This pressurization
subjects a splice to a combination of hoop tenson, longitudinag tension, and out- of-plane
bending. The out-of-plane bending is associated with two effects. Thefirdt is pillowing of the
skin between gtiffeners. The second is the distortion, known as secondary bending, caused by
the action of hoop tension on the eccentricity inherent in single-shear lap or butt splices.

According to authors, the genera characteristics of crack growth in fuselage appear to be as

follows



ENGINEERING DEPARTMENT

SHEET  A-20 | NO. 4-086482-20
TOTAL  A-31

ISSUEDATE 01/30/04

1. Under therivet heads, crack grows much dower than the growth beyond the rivet heads.
In 737 splices, the hidden growth period is smilar in magnitude to the visible growth period to
firg linkup.

2. Clusgters of cracks develop in one or more frame-bays, awvay from frames and strgps. The
cracks may stretch across most of the width of aframe bay, or they may consist of only 2 or 3

cracked rivet holes.

3. Adjacent crackswill link up to form alead crack eventualy. Thelead crack grows faster

than unlinked cracks, and tends to dominate subsequent crack within aframe-bay.

4. Inmost cases, cracks grow longitudinaly, aong the rivet row. In some cases cracks grow
obliqudly, indicating the presence of in-plane shear siress. In ether case, cracks that have

overlapped generdly curve towards and eventud|ly intersect the opposing crack.

5. The combination of alarge MSD clugter and uniform crack lengths result in ardatively short
period between the firdt link-up and the development of linked crack across the full frame-bay.

6. Small cracks and non-uniform cracks will need ardatively long growth period after first
link-up. On the 747 the growth period from firgt link-up to critical length varies between 1,000
to 10,000 cycles.

7. A lead crack grows rgpidly until it reaches critica length, which istypicaly one to two frame

baysfor asingle crack. Frames and straps can dow down alinked lead crack.

8. If there are cracksin the next frame-bay, the lead crack may grow faster and its critica
length may be shorter. If the intervening frame is il intact, the crack may have to be close for
these interaction effects to be sgnificant

9. A lead crack may turn in acircumferentia direction and form a skin flap in narrow-body
arcraft. Theflap may initiate before or after the crack has become unstable, and may occur at
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ether thefirst or second frame encountered. The change in crack direction may occur abruptly,

closeto the frame, or it may be gradua. Narrow-body fuselages are designed to promote this

type of fail-safe crack behavior, but it isless likely to occur if the crack isin asplice, particularly
if there are cracks ahead of the lead crack.

Findings from NLR the Netherlands

Full-scale fatigue studies have been conducted at NLR.* #9251 Multiple Site damage fatigue

cracks initiate at faying surfaces near or a rivet hole corners. MSD fatigue initiation lives were

sgnificant fractions of the totd lives.

Edtimates of MSD fatigue initiation lives are shown in Table 5.

Table5:.. MSD fatigueinitigtion.

Aircraft Type MSD rivet row Flights or simulated flights
Flightsto first crack “ initiation” Total flights

BAC 1-11 outer sheet 50,000 75,158

upper row 56,000

inner sheet, lower row, port | 47,000
F100 outer sheet upper row 60,000 126,250

inner sheet lower row 70,000
B747-400 outer sheet upper row 5000-15,000 60,000

Wanhill et d reported that aircraft structures are susceptible to fatigue and corrosion damage,

notably at joints. Interaction between fatigue and corrosion is possible as aircraft age.

Longitudind lap splices from severd types of trangport arcraft pressure cabin were dissembled

and investigated for multiple site damage fatigue cracking and corrosion. It was found that

pressure cabin lap splices have either afatigue problem or a corrosion problem. It is concluded

in this report that MSD fatigue cracking was not initiated by corroson. Fatigue fractography

examination found that most M SD-susceptible rivet row was the upper one in the outer sheet of

each lap splice. However, other rivet rows were also susceptible, such asthe lower onein the

inner sheet. MSD fatigue crack initiated from the faying surfaces near or a the rivet hole

corners. Surface conditions of the materials such as cladding, anodizing, priming, sealant,
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adhesive bonding are very important. Fretting may play an important role for crack initiation
and early crack growth.

Table 6:MSD behavior findings from NLR.

Aircraft Findings

F28-4000 Service Aircr aft The total lengths of MSD for two aircraft measured were 530
mm and 330 mm. The cracksinitiated at many sites aong the
faying surface edges of the outer sheet dimpling cones. The
cracks were mechanically induced with no corrosion

evidence. The large number of initiation sites suggests that
fatigue cracking began soon after aircraft entered service.?

BAC 1-11 service aircraft MSD was along about 500 mm of port and starboard lap
splices. The cracksinitiated at a variety of locations, though
mainly at faying surfaces close to the rivet holes. No
corrosion initiation signs.

F100 full scaletest (indoors) | MSD extended over severa frame bays having poor adhesive
bonds. The cracks initiated from the faying surfaces, mostly
a multiple sites close to the rivet holes. No corrosion

evidence.
B 747-400 full scaletest MSD extended several frame bays. The cracksinitiated at a
(outdoors) variety of locations, though many at faying surfaces and rivet

hole/faying surface corners. There was no evidence of
corrosion, even though the test was outdaoors.

Secondary fatigue in the B727-100 lap splice initiated from intergranular corrosion cracking
(exfaliation corrosion and stress corroson). 12 smdl fatigue crack were found at Six rivet hole
positions, without any evidence of fatigueinitiation due to loca corrosion (pitting). Ten of the
cracks occurred indde the rivet holesin the inner sheet. This behavior is ditinct from MSD,
where the mgority of cracksinitiated from faying surfaces.

Some of the beach marks observed were attributed to periodic changesin loca environment. It
aso suggested that modeling and prediction of early MSD crack growth may need not account
for environmenta effects beyond that of normd air. But the tests performed are not at the same
frequency asin-sarvice pressure cycling, and the crack growth rate is not smilar to those early

MSD inthelap splices.
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Wanhill and Koolloos investigated multiple site damage (M SD) fatigue and corroson
longitudind lap splices from severd types of trangport aircraft pressure cabins. The lap splices
were from three Fokker F28s, a British Aerogpace BAC 1-11 and aBoeing B727-100 and a
full-scae test on a Fokker F100. They concluded that corrosion pitting is not responsible for
initiating MSD fatigue cracks in lap splices using 2024-T3 Alclad skins. Different early MSD
fatigue crack growth rates obtained fractographically from different sources. The data show the
following important festures.

All crack growth rates, from cracks 30 nm- 5 mm in Size, were above 10°m/cyde

The transverse (through-thickness) crack growth rates were, on average, fairly constant and
remarkably smilar.

The longitudind crack growth rates were dso remarkably smilar, consdering the different
arcraft types and lap splice configurations.

They aso reported that a DAIS imaging detected severe corrosion better than eddy current.

In their work, the relationship between MSD fatigue failure and corroson was not identified.
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TEARDOWN

For determining the crack initiation, onset of WFD, vaidation of NDI/NDE techniques, the
teardown ingpections of actud fleet aircraft provide the most reliable method [Bakuckas and
Carter, Boetsch and Beafils, Coulter™, and Cochrart]. Tear down investigations using full
scale fatigue specimens result in indispensable knowledge for structural mechanics as well asfor
metrology and ingpection technology. When full-scale fatigue testing is completed, the
components will be disassembled and inspected to identify the location of dl defects. Critica
areas are then examined by breaking components apart in places where cracks might be
expected. All sgnificant cracks are then subject to ‘fractographic’ anaysis which determines
crack growth rates. The data for new significant locations is used for forming management
drategies. The knowledge gained from the tear down investigation on the actud damageisa
key element for the development of crack initiation modeding, onset of WFD, and development
of reliable NDI procedures.

The following can be expected from teardown:

Determination of the condition of the test specimens subsequent to completion of the fatigue
test.

Visua and NDI/NDE ingpection fatigue samplesin assembled and disassembled condition.

Fractographic and metdlurgica examination of critica cracks after visua and NDI
ingpection. Recording the fractography. Measuring the crack size.

Cdibration and corrdation crack initiation models such as Equivaent Initid Flaw Size modd,
Eijkhout Modd, and fatigue corrosion modd!.

Vadidation and correlation of the NDI results with the actud conditions (e.g. fractographic
results). To vaidate and to improve the fatigue crack initiation models and corrosion

modds.
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After teerdown operations, the following mgor information will be obtained and stored in a
database:

Data and results of dl inspections, including delivery of sgnd response datain the form of an
electronic database

Data characterizing the state of damage including:
- Fatigue crack digtributions, locations, shapes, and Sizes
- Damage initiation mechanisms and locations
- Recongtructed fatigue crack growth histories
Quantification of corrosion, disbonds, fretting damage at faying surfaces, and other damage
Descriptions of the crack growth andysi's methodologies used
Results of gpplication of the methodol ogies as a means to andyze crack growth
Results of gpplication of the methodologies as ameansto predict crack growth

Description of the methods used to determine the MSD initiation, crack detection, and crack
linkup

Reaults of the andyssto determine MSD initiation, crack detection, and crack linkup
Procedure and data from materia characterization

Conclusions and recommendations specific to determination of MSD initiation, crack
detection, and crack linkup

According to Bakuckas and Carter, fractography examinations can be accomplished using
optical microscope and scanning eectron microscope. The extent of fatigue cracking,
corrosion, faying surface fretting fatigue, and structura disbanding will be quantified through
fractographic examinations. Select fastener holes will be split open to revea the crack surfaces,
and fractographic examinations will be performed to identify, catalog, and document crack
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initiation sites and mechanisms, crack shapes and sizes, and quality of the fastener hole surface.
In addition, the crack growth histories will be empiricaly reconstructed using striation counts.
Crack growth will be backed out to determine equivdent initid flaw size (EIFS) for later
andysisvaidation. Fasteners should be removed without drilling when possible, with care taken
to minimize hole damage [Coulter]. For taper-lok fasteners, they must be removed by knocking
out with amallet [Cochran]. A tool is screwed on to the threaded end of the fastener, which
prevents the end from being deformed, so that it can pass through the hole without scoring the
wall. After the fagteners are removed, the holes are cleaned with solvent using a nontabrasive
brush. According to Piascik, Willard and Miller, each rivet can be removed by (1) cut
rivet/hole from pand, (2) section rivet/hole specimen using low speed diamond saw. Each rivet
haf was removed with little or no force, thus exposing the hole insde diameter without
disturbing the surface. To open small incipient fatigue cracks located on the rivet hole surface,
gpecimen can be strained opened in a three bend fixture following the dow speed diamond saw

cut. Thisisatype of split open.

Lindsay et d >* conducted fatigue test based upon atheoretically derived load spectrum for a
typica VC10 operating a 3-hour flight plan a an average take-off- weight of 250,000 Ib.
Fatigue type record was established by British Aerospace. Tear down investigation covered

aressinclude:
The aft face of the front pressure bulkhead

The attachment region of the fuselage ked box to the lower surface of the wing torque box and
center section Y-beams

The pressure shell behind the Engineers and Navigators stations and behind the Radio
Electronics Equipment Racks

Engine beam assemblies/areas of atachment of engine beam to fusdage

Fusdage lgp joints and fusdage circumferentid butt joints
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The forward freight bay and rear pressure bulkhead

According to Goranson, Boeing has conducted teardown inspections and eval uations of high-

time arplanes as a part of a continuing assessment of airplane sructure, refer toTable 7.

Table 7:Boeing teardown activities.
Structure Y ear
707 wing plus center section 1965
707 wing 1968
707 wing plus center section and fuselage 1973
707 empennage 1978
727 forward fusdage 1978
727 wing and empennage 1994
727 fusdlage 1996
737 wing plus center section, forward fusdage, and empennage 1987
737 &t fusdlage 1988
747 wing and empennage 1989
747 fusdlage 1991
777 wing, fusdage, and empennage 1997
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